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ABSTRACT
Global climate change is impacting the emergence, re-emergence, prevalence, and
incidence of infectious diseases worldwide, including parasitic diseases of humans (Blum and
Hotez 2018). Neglected tropical diseases, defined as a group of parasitic diseases affecting
developing countries in the tropics (Hotez et al. 2007), are of particular concern because these
diseases occur in areas that are also expected to experience rapid population growth and
agricultural development in the coming decades. As human population and food demand
increase, the greater the likelihood of humans encountering intermediate hosts that either inhabit
agricultural areas or are impacted by agricultural development, which will influence disease
transmission (Rohr et al. 2019).
Schistosomiasis, caused by trematodes of the genus Schistosoma, is one example. More
than 200 million people are infected and nearly 800 million are at risk of contracting the disease
worldwide (CDC 2019, WHO 2019). Most cases of schistosomiasis occur in sub-Saharan Africa
(Gryseels et al. 2006, Hotez and Kamath 2009) and the life cycle circulates between humans and
Biomphalaria spp., an intermediate snail host that inhabits freshwater habitats. Global climate
change is expected to influence schistosomiasis, but predictions of future prevalence and
incidence are highly variable and often have contradicting conclusions (Stensgaard et al. 2019).
To improve model formulation and predictions, the response of the parasite and intermediate
snail host to key climatic factors should be quantified.
This doctoral dissertation aims to synthesize current work and address knowledge gaps
on Biomphalaria spp. and Schistosoma mansoni, one of the major species causing human
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schistosomiasis. Specifically, the research presented here will examine the effect of temperature,
an abiotic factor expected to fluctuate with global climate change, on life-history traits of the
parasite and intermediate snail host. Because temperature will affect life-history traits differently,
combining these data into mathematical models could help clarify and possibly improve
predictions on whether global climate change will have net positive, net negative, or neutral
changes on the prevalence and incidence of schistosomiasis.
Chapter 1 introduces schistosomiasis, summarizes current studies that have examined the
effect of temperature on this host-parasite system, and presents a modeling framework that could
scale data from individual life-history traits to predict population-level host-parasite dynamics. In
Chapter 2, a laboratory study was conducted to quantify hatching success and parasite emergence
(from snails) of S. mansoni. We then combined these data to related life-history traits of S.
mansoni and Biomphalaria spp. into a model to generate predictions of how R0, an estimate of
the number of secondary cases given an infected individual, would change when temperaturedependent parameters were included (in the process of submitting for publication at PLoS
Neglected Tropical Diseases). Chapter 3 examined the effect of temperature and viscosity on the
movement of miracidia and cercariae, the two larval stages of S. mansoni (manuscript under
review at International Journal of Parasitology). In Chapter 4, a four month mesocosm
experiment was conducted to measure the effect of temperature on host-parasite disease
dynamics at the population level across a temperature gradient. Measurements of snail egg
production, population growth, parasite production, and total biomass were then compared to
predictions of the same factors from a model where temperature-dependent rates of ingestion and
mortality were included (manuscript in prep).
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There is a critical need to examine the effect of global climate change on infectious
disease dynamics, and the work presented here provides insights into how temperature influences
multiple life-history traits of parasites and intermediate hosts, and that these traits have
downstream effects on host-parasite dynamics. Data from these experiments may be used to
constrain future models, which will generate more biologically grounded predictions of disease
spread. These data could also be used to produce more targeted management or intervention
programs in regions where individuals are most at risk of contracting schistosomiasis or other
parasitic diseases.
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CHAPTER 1: BACKGROUND AND REVIEW OF INTERACTONS BETWEEN
GLOBAL CLIMATE CHANGE AND SCHISTOSOMIASIS

Introduction
Global climate change and neglected tropical diseases
Average global temperatures are currently projected to increase by 1.5°C above preindustrial
levels between 2030 and 2052 due to global climate change, with severe consequences for
human health, local and global economies, and ecosystems (IPCC 2018). Heat waves,
precipitation, drought, and other extreme weather events are expected to occur more frequently
in most inhabited areas (IPCC 2018), and these environmental changes along with higher mean
temperatures are already influencing the emergence and re-emergence of infectious diseases
worldwide (Githeko et al. 2000, Epstein 2001, Harvell et al. 2002, Patz et al. 2005, McMichael et
al. 2006, Jones et al. 2008, Rohr et al. 2011). Thus, there is a critical need to examine the effect
of global climate change on infectious disease dynamics, as insights may not only lead to
biologically grounded predictions of disease spread and outbreaks, but also more targeted and
efficient management or intervention programs.
The emergence and re-emergence of neglected tropical diseases, a group of 13 infectious
diseases that predominantly affect low-income countries in the tropics (Hotez et al. 2007), are of
particular concern. They affect more than 1 billion people worldwide, account for 1.3% of the
global burden of disease, and cause high morbidity and mortality rates (Mathers et al. 2007,
Hotez et al. 2008a, Hotez and Kamath 2009, Fenwick 2012). These diseases will likely increase
1

in incidence and prevalence during the coming decades because many are endemic to or are reemerging in low-income countries with growing populations, and denser populations and human
migration will likely spread parasites and their host(s) to novel regions (Patz et al. 2000, Patz et
al. 2005, Rohr et al. 2019). Additionally, the construction of dams and irrigation systems to
support growing agricultural needs in these developing countries can directly and indirectly
increase parasite populations by creating more suitable habitats for hosts or by removing natural
predators, respectively (Chitsulo et al. 2000, Morgan et al. 2001, Steinmann et al. 2006,
Giannelli et al. 2016, Sokolow et al. 2017).
There are many mechanisms by which human population growth and agricultural
expansion and intensification might influence the incidence and prevalence of human infectious
diseases and vice versa (Rohr et al. 2019), but the effect of global climate change on neglected
tropical diseases is a critical overarching factor. The majority of these diseases are caused by
ectothermic helminths (Hotez et al. 2008b), and shifts away from historical temperature regimes
due to global climate change are expected to alter environmental conditions in favor of these
parasitic worms (Patz et al. 2000, McMichael et al. 2006), thereby altering their interactions with
intermediate and definitive hosts (Dobson 2009, Lafferty 2009, Mas-Coma et al. 2009, Paull and
Johnson 2011, Rohr et al. 2011). Temperature might also drive changes in host susceptibility and
parasite infectivity, reproduction, and survival (Patz et al. 2000, Patz et al. 2005, McMichael et
al. 2006, Vasseur et al. 2014). For example, warmer temperatures can accelerate parasite
development within and outside of hosts (Pietrock and Marcogliese 2003, Altizer et al. 2006,
Poulin 2006, Mas-Coma et al. 2009), increase overwintering survival of parasites and hosts
(Harvell et al. 2002), and expand or contract the geographic ranges in which parasites and hosts
occur (Rohr et al. 2011, Ryan et al. 2015).

2

Due to the complex interactions between parasites, hosts, and the environment, it remains
difficult to predict whether there will be a net increase or decrease in the prevalence of neglected
tropical diseases (Rohr et al. 2011, Raffel et al. 2013). To disentangle a part of this puzzle, it is
imperative to parse out how strongly temperature influences parasite and host physiology and
ecology and if incorporating these effects can better quantify human health risk under changing
climate scenarios.

Schistosomiasis
Schistosomiasis, commonly known as bilharzia, is one of the most prevalent neglected
tropical diseases and is currently endemic to 52 countries (Fenwick 2012, Hotez 2013, WHO
2019). More than 200 million people are infected and nearly 800 million people are at risk of
contracting the disease (Bruun and Aagaard-Hansen 2008, King and Dangerfield-Cha 2008,
WHO 2019). Caused by trematodes of the genus Schistosoma, Schistosoma mansoni,
Schistosoma haematobium, and Schistosoma japonicum are the three main species that infect
humans. S. mansoni is predominantly found in Africa, but also occurs in parts of the Middle
East, South America, and Caribbean. S. haematobium occurs in Africa and parts of the Middle
East. S. japonicum predominates in China, the Philippines, Indonesia, and parts of Southeast
Asia (Gryseels et al. 2006). More than 90% of all schistosomiasis cases occur in sub-Saharan
Africa and are caused by S. mansoni, S. haematobium, or co-infection of both species (Gryseels
et al. 2006, Hotez 2013).
The life cycle of the parasite begins when Schistosoma ova, which hereafter are referred
to as eggs, enter the environment through human urine or feces 1. Eggs remain viable for up to a

1

S. mansoni and S. japonicum eggs are excreted through feces; S. haematobium eggs are excreted through urine.
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week (Gryseels et al. 2006, Hotez 2013). When eggs encounter freshwater, miracidia (the first
larval stage) emerge and use chemical cues to locate an intermediate snail host2 (Chernin 1970,
Samuelson et al. 1984) (Fig. 1). Miracidia predominantly use muscular squirming movements to
penetrate the snail body, but have two lateral glands that are hypothesized to aid with initial
attachment (Wikel and Bogitsh 1974, Pan 1980). Upon penetration, miracidia metamorphose into
sporocysts and reproduce asexually3 (Hotez 2013). Sporocysts mature into cercariae, which are
then released in freshwater between three to six weeks post-infection. Cercarial emergence is
temperature-dependent and light-mediated, therefore snails generally release cercariae during
daylight hours to coincide with increased human activity in water bodies (Combes et al. 1994,
Schmid-Hempel 2011).
Humans become infected when they enter water bodies containing cercariae. Cercariae
directly penetrate human skin with oral and ventral suckers (Stirewalt and Hackey 1956), release
serine proteases to prevent coagulation (Schmid-Hempel 2011), and use their forked tails for
extra thrust and increased penetrative ability (Hotez 2013). Cercariae can survive for up to 24
hours outside the host, but their infective period is likely much shorter because it takes
considerable energy to penetrate the epidermis of a host (Combes et al. 1994). Cercariae lose
their tails once they burrow past the epidermal layer, become schistosomulae, and migrate
through veins in the hepatic portal system to mature in the liver (Wilson 2009) (Fig. 1). During
migration, adult schistosomes mate and pairs move to colonize the mesenteric venules in the
intestines (S. mansoni and S. japonicum) or the venous plexus of the bladder (S. haematobium)
(CDC 2019). Adults produce eggs, which travel through blood vessels and eventually bore into

2

S. mansoni infect various Biomphalaria spp., S. haematobium infect Bulinus spp., and S. japonicum infect
Oncomelania spp.
3
Male and female miracidia give rise to male and female cercariae, respectively.
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the intestines or ureters using a spike on the outer edge of the egg and tissue-dissolving enzymes
(Gryseels et al. 2006, Hotez 2013, CDC 2019) (Fig. 1). This process takes approximately four to
six weeks. Adult schistosomes can survive for two to five years, with eggs becoming trapped in
various tissues or exiting through feces or urine to restart the life cycle (Anderson et al. 1982,
Feng et al. 2004, Gryseels et al. 2006).
Human mortality due to acute infection from cercariae is rare. Initial cercarial penetration
typically causes a rash that disappears after a few days. Katayama fever can develop in response
to circulating schistosomulae a few weeks or months post-infection, with fever, fatigue, malaise,
and other flu-like symptoms occurring (Gryseels et al. 2006), but most individuals recover. The
main pathology of the disease stems from chronic infection and egg migration through the body
(Hotez 2013). Specifically, trapped eggs trigger an inflammatory response and granulomas form
around the inflammatory site. The accumulation of granulomas from chronic infection eventually
causes liver enlargement and leads to an enlarged belly (Rozendaal 1997). Elsewhere in the
body, eggs can obstruct urine or blood flow and cause irreversible tissue damage. Continued
blood loss from burst blood vessels can also lead to developmental deficiencies in children, as
well as anemia in both children and adults (Fenwick et al. 2003, King and Dangerfield-Cha 2008,
Hotez 2013). These chronic effects lead to high morbidity and mortality rates among affected
populations. Current mortality estimates range from 24,000 - 200,000 deaths annually (WHO
2019).

Schistosomiasis in a changing climate
Studies showing the sensitivity of Schistosoma spp. to temperature emerged as early as
the 1940s (Kuntz 1947, Dewitt 1955, Foster 1964, Kalinda et al. 2017). As such, the incidence
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and prevalence of schistosomiasis has been expected to shift under global climate change
conditions for some time (Blum and Hotez 2018) and increased efforts have been made in recent
decades to predict how global climate change may expand or contract areas suitable for
Schistosoma transmission. However, there is no consensus on whether changes in temperature
will result in net positive, net negative, or neutral changes in the incidence or prevalence of
schistosomiasis. For example, of the 20 publications from 1992 to 2017 that modeled the effects
of global climate change on schistosomiasis, 14 predicted net positive increases in risk of human
infection, suitable snail habitats, or transmission rates. The remaining 6 studies predicted
expansions and contractions of areas suitable for Schistosoma transmission, suggesting that the
geographic distribution of schistosomiasis might shift under global climate change conditions
and result in net negative or neutral changes (Stensgaard et al. 2019).
This lack of agreement is likely due to shortcomings from the data used to estimate the
values of parameters within these models (i.e. parameterization), which ultimately influences
downstream predictions. For example, if temperature increments from an experiment are too
large to capture potential nonlinearities in the measured response of the parasite or intermediate
snail host, the results can lead to incorrect assumptions about whether the underlying thermal
response curve of a response is linear or nonlinear (Johnson et al. 2015). Data on biological
parameters are also missing, which leads to increased uncertainty in model projections when
researchers use biological parameters outside of the focal host-parasite pair (Chan 1996). By the
same token, if models use data of life-history traits from multiple Schistosoma spp. and their
respective intermediate snail hosts, the specificity of predicted distributions becomes limited.
Improving predictions of schistosomiasis spread under global climate change conditions
therefore requires more data on the survival, growth, reproduction, and infectivity of specific
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host-parasite pairs across a larger temperature gradient. To date, some life-history traits have
been quantified for S. mansoni and Biomphalaria spp., the focal host-parasite pair studied here.
These findings and remaining knowledge gaps are synthesized below.
Egg hatching rate, miracidial survival, miracidial infectivity, and cercarial survival of S.
mansoni have been studied. The hatching rate of S. mansoni eggs was quantified for 40 minutes
between 4-34°C and generally increased with increasing temperature (Samuelson et al. 1984)
(Table 1). However, hatching rate at 12 and 22°C at 40 minutes was not significantly different,
making it difficult to determine whether hatching rate increased, decreased, or plateaued between
those temperatures. The duration of the experiment also did not exceed the natural lifespan of
miracidia (24-40 hr) and thus may not represent the expected hatching rate of S. mansoni eggs in
the environment. For miracidia, mortality and infectivity rates have been shown to increase with
increasing temperatures between 5-40°C and 15-35°C (Anderson et al. 1982, Mangal et al. 2008)
(Table 1), respectively, but these parameters may have net negative or neutral effects on disease
dynamics. That is, increased miracidial mortality could offset increased infectivity at higher
temperatures. The opposite trend could occur with cercariae, which were found to have the
lowest mortality rates between 10-20°C (Lawson and Wilson 1980) (Table 1). Based on these
data, cooler temperatures than expected could lead to more human infections.
The effect of temperature on fecundity, growth, and survival for various Biomphalaria
spp. has also been examined. A study by El-Emam and Madsen (1982) identified the peak
reproductive rate for uninfected Biomphalaria alexandrina at approximately 26°C. Similarly,
optimum egg development (time to hatching) of B. alexandrina occurred between 15-30°C (ElHassan 1974). Growth of infected and non-infected Biomphalaria glabrata were tracked for up
to 12 weeks post-exposure at room temperature (24-25°C) and results showed that infected snails
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grew faster than non-infected snails until midway through the experiment, then the growth trends
reversed (Thornhill et al. 1986, Gerard and Theron 1997). However, these experiments were not
duplicated across a temperature gradient. Natural mortality rates of B. alexandrina were lowest
between 15-20°C (El-Hassan 1974). In contrast, additional mortality due to infection of
Biomphalaria pfeifferi increased with increasing temperature from 23, 24, 26, and 28°C (Foster
1964), but this was a limited temperature range. See Table 1 for the temperature gradients of
these experiments.
In sum, these studies provide evidence that temperature affects S. mansoni and
Biomphalaria spp., but also that the effects are different for various life-history traits.
Additionally, testing the effects of a temperature gradient on egg hatchability and cercarial
emergence of S. mansoni and long-term growth and mortality rates of infected Biomphalaria
spp. are needed. Obtaining these data will inform models with more temperature-dependent
parameters and help identify which life-history traits may interact to produce net positive,
negative, or neutral changes in disease dynamics.

Using dynamic energy budget theory (DEB) to predict the effects of temperature on
population-level disease dynamics of schistosomiasis
Whether global climate change will lead to a net increase or decrease in neglected tropical
diseases remains unresolved due to the multiple environmental variables, confounding variables 4,
context dependencies5, and nonlinearities6 present in these systems (Rohr et al. 2011,

4

Public health interventions and land use changes can increase or decrease disease prevalence, which can confound
field data and make it difficult to isolate effects of global climate change (Woolhouse 1991).
5
Parasite evolution within an area or herd immunity against a host species limits researchers’ ability to generalize
trends (Rohr et al. 2011).
6
Thermal performance curves and threshold responses often show non-linear responses to temperature and thus
complicates model construction (Amarasekare and Savage 2012, Kingsolver and Woods 2016).
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Amarasekare and Savage 2012, Duffy et al. 2012, Kingsolver and Woods 2016). Mathematical
modeling is increasingly used to disentangle these complex interactions because models can: 1)
identify assumptions and hypotheses about a disease system, 2) construct pathways to explain
physiological mechanisms within an individual host, 3) predict the net effect of these
physiological mechanisms at the population level, 4) identify life-history parameters that likely
influence disease dynamics under simulated environmental conditions, and 5) predict the
efficacy of different intervention methods simultaneously to save time and money (Roberts and
Heesterbeek 1993). As stated previously, models have been developed in recent years to predict
how areas suitable for schistosomiasis transmission might shift under global climate conditions
(Stensgaard et al. 2019), but dynamic energy budget theory (DEB) by Kooijman (2010) has been
suggested as a novel approach for predicting schistosomiasis disease dynamics under global
climate change conditions (Gerard and Theron 1997, van der Meer 2006b).
DEB theory provides a framework to track how individual hosts acquire and utilize
resources (i.e. energy) by dividing a host into three compartments: reserve, structure, and a
reproduction buffer (Nisbet et al. 2000, Sousa et al. 2008, Nisbet et al. 2010, Sousa et al. 2010).
When a host consumes food, energy from food can be assimilated into the reserve or lost through
feces. Energy that enters the reserve is allocated towards building the individual’s structure,
which includes growth and maintenance (e.g. basic metabolic functions). When the host becomes
a reproductive adult, energy in the reserve can also be allocated to the reproduction buffer, which
includes maturity maintenance and reproduction, such as the growth and maintenance of
reproductive structures and the production of eggs or live offspring (Fig. 2). When a host
becomes infected with a parasite, the parasite can directly consume reserves and/or indirectly
consume reserves by eliciting an immune response. By decreasing host reserves, the parasite
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may indirectly affect host growth and reproduction. Any energy acquired by the parasite is then
used to produce cercariae, which emerge from the host (Fig. 2) (Civitello et al. 2018).
By measuring outputs of energy utilization (e.g. individual survival, growth, and
reproduction), researchers can use DEB theory to estimate the values of parameters that
influence how an individual uses external resources (Sousa et al. 2008, Kooijman 2010, Sousa et
al. 2010). Constructing a DEB model therefore minimally requires data on individual survival,
growth, reproduction, and energy assimilation rate across a resource gradient (van der Meer
2006a, Jager et al. 2013). These data should be collected for multiple individuals within a
population, which can be labor intensive. However, the resulting DEB model can predict
individual survival, growth, and reproduction under different resource conditions while also
capturing individual variation within a population. For example, DEB predictions of parasite
virulence, parasite production, and host mortality in a parasite-zooplankton system under low
and high resource conditions closely captured trends from a separate life-table experiment (Hall
et al. 2009).
When coupled with individual-based models (IBM), DEB can also yield insights into
population-level dynamics (Nisbet et al. 2000, Hall et al. 2009, Nisbet et al. 2010, Jager et al.
2013, Martin et al. 2013b). For example, a DEB-IBM model of the water flea, Daphnia magna,
successfully predicted population-level growth rates and peak densities for that system (Martin et
al. 2012, Martin et al. 2013a). DEB was also used to extrapolate the effects of toxicants on
individual D. magna and the results were scaled up with DEB-IBM to predict the population
level response of D. magna to those same toxicants (Martin et al. 2013b). These studies
demonstrate that DEB models can make specific, testable predictions of life-history trait
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dynamics (e.g. growth, survival, reproduction) by incorporating the underlying physiological
traits of individual organisms.
DEB and DEB-IBM models appear to be an extremely promising mechanistic framework
for predicting host-parasite interactions because they can: a) connect how extrinsic factors (i.e.
food) influence individual physiology, b) describe how a parasite redirects food resources within
a host to influence survival, growth, and reproduction, and c) predict how the resulting
physiological changes within individuals might affect population dynamics (Nisbet et al. 2000,
Nisbet et al. 2010) (Fig. 2). Recently, a DEB model for S. mansoni and B. glabrata produced
robust predictions of individual B. glabrata growth, survival, production, and cercarial
production across a resource gradient that matched closely with experimental data not used to
parameterize the model (Civitello et al. 2018). A natural extension of this work is to determine
whether the temperature-dependency of life-history traits can be incorporated into the DEB
framework. If successful, DEB and DEB-IBM models may produce better predictions of how
schistosomiasis may spread under global climate change conditions compared to current model
frameworks.

Research chapters: Objectives of the dissertation
Chapter 2: Temperature dependency of miracidial hatchability and cercarial emergence of
Schistosoma mansoni and downstream effects on R0
Rationale: The survival and infectivity of non-feeding larval stages of parasites is
dependent on environmental conditions, including temperature. Changes in miracidial
and cercarial survival and infectivity will likely influence disease dynamics.
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Methodology: Measure the effect of temperature on miracidial hatching success and
cercarial emergence rates of S. mansoni across a temperature gradient, synthesize data on
the effect of temperature on related life-history traits of S. mansoni and Biomphalaria
spp., and examine how these parameters influence human risk of infection using an R0
model for schistosomiasis. R0 estimates the number of secondary infections given an
infected individual.
Hypothesis: Hatching success and cercarial emergence of S. mansoni should increase
with increasing temperature up to a thermal optimum, and then decrease. Related lifehistory traits of S. mansoni and the intermediate snail host should follow a similar trend.
R0 should exhibit temperature-dependency as a result.

Chapter 3: Effects of temperature and viscosity on movement of miracidia and cercariae of
Schistosoma mansoni
Rationale: Once hatched or emerged, miracidia and cercariae of S. mansoni are subjected
to viscous forces in the water because of their small size. Viscosity is inversely correlated
with temperature, so changes in temperature should affect the ability of miracidia and
cercariae to swim and locate a host.
Methodology: Record miracidial and cercarial movement using a high-speed camera
while manipulating temperature and viscosity independently to determine the relative
influence of each factor on their movement.
Hypothesis: Higher temperatures lead to higher metabolic rates in ectotherms, so
miracidia and cercariae should swim faster and expend more power at warmer
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temperatures. However, movement should decrease under viscous forces because
miracidia and cercariae are small.

Chapter 4: Effects of temperature on Biomphalaria glabrata populations in a mesocosm study
Rationale: Dynamic energy budget (DEB) theory has produced robust predictions of B.
glabrata growth, survival, and cercarial production across a resource gradient, but
whether the framework can make temperature-dependent predictions remains to be
tested.
Methodology: Conduct a mesocosm experiment across a temperature gradient and track
changes in B. glabrata growth, survival, and cercarial production over time. Incorporate
temperature-dependent rates of ingestion and mortality of snails from a previous
experiment into an existing DEB-IBM model for schistosomiasis and compare the
resulting predictions to the population-level dynamics observed in the mesocosm study.
Hypothesis: Rates of ingestion and mortality are temperature-dependent in ectotherms
and likely influence growth and subsequently survival and reproduction in parasitized
individuals. A DEB-IBM incorporating these factors could capture both the temperaturedependent and temporal trends seen in the mesocosm.
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Table 1. Summary of studies examining the effect of temperature on life-history traits of Schistosoma mansoni and
Biomphalaria spp.
Life-history trait
Temperature gradient (℃)
Outcome
Source
S. mansoni
Egg hatching rate
4, 12, 22, 34
Increase with increasing temperature
Samuelson et al. 1984
Miracidial mortality
5, 10, 15, 20, 25, 30, 35,
Increase with increasing temperature
Anderson et al. 1982
40
Miracidial infectivity
15, 20, 25, 30, 35a;
Increase with increasing temperature
Anderson et al. 1982,
b
23-25, 26-28, 31-33
Mangal et al. 2008
Cercarial mortality
10, 15, 20, 25, 30, 35, 40
U-shaped curve with lowest mortality at
Lawson and Wilson
15℃
1980
Biomphalaria spp.
Reproductive rate

Growth (uninfected)

10, 12.5, 20, 25, 28, 30,
35, 37
24-25

Increases up to 26℃, then decreases with
increasing temperature
Increases with increasing temperature up to
25℃, then decreases
Linear trend

Growth (infected)

24-25

Logarithmic trend

Natural (uninfected)
mortality
Additional (infected)
mortality

10, 15, 20, 25, 30, 35, 37

U-shaped curve with lowest mortality
between 20-25℃
Increase with increasing temperature

Egg development rate

a
b

10, 18, 28, 33

23, 24, 26, 28

El-Emam and Madsen
1982
El-Hassan 1974
Thornhill et al. 1986,
Gerard and Theron 1997
Thornhill et al. 1986,
Gerard and Theron 1997
El-Hassan 1974
Foster 1964

Temperature gradient from Anderson et al. (1982).
Temperature gradient from Mangal et al. (2008).
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Figure 1. A simplified life cycle of schistosomiasis. Eggs enter the aquatic environment and
hatch into miracidia, which infect an intermediate snail host. Released cercariae can infect
humans and subsequently develop into schistosomulae. Male and female schistosomulae mature
and become mated pairs to produce more eggs.
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Figure 2. A simplified dynamic energy budget (DEB) model for an organism (solid grey
lines) infected with a parasite population (arrowed lines) adapted from Nisbet et al. (2000)
and Civitello et al. (2018). An individual organism acquires resources (i.e. food) and that energy
can be lost through feces or assimilated into the reserve. Energy from the reserve is directed
towards basic maintenance requirements first. If a surplus of resources is available, energy can
be allocated towards growth, maturity maintenance, and reproduction. When an organism
becomes infected with a parasite, the parasite can directly consume an organism’s reserves (solid
arrowed line) and indirectly affect growth and reproduction (dashed arrowed line). Energy
acquired by the parasite is used to produce cercariae (dotted arrowed line).

21

CHAPTER 2: MISMATCHES IN THERMAL OPTIMA OF SCHISTOSOMA MANSONI
HATCHING SUCCESS AND CERCARIAL EMERGENCE INFLUENCE HUMAN
SCHISTOSOMIASIS RISK

Abstract
Schistosoma mansoni causes human schistosomiasis and is transmitted in freshwater through two
larval stages called miracidia and cercariae. These small, ectothermic, free-living stages are
likely influenced by temperature, but the effect of temperature on their initial abundance is
unknown. The knock-on effects of these temperature-dependent factors on infection dynamics
and how intervention methods may shift these dynamics is also poorly understood. We measured
the effect of temperature on miracidial hatching success and cercarial emergence rates of S.
mansoni from 5-37℃, synthesized the effect of temperature on related life-history traits of S.
mansoni and Biomphalaria spp. (the intermediate snail host) from 5-37℃, and examined how
these parameters influence human risk of infection using an R0 model for schistosomiasis, which
approximates the number of secondary cases given one infected human, under different
intervention methods. We found that hatching success increased by approximately 4% for each
increase in 1°C up to 37°C but did not generally exceed 50%. In contrast to the monotonic
increase in miracidial hatching with increasing temperature, cercarial emergence was humpshaped, peaking at 26°C at a rate of 306 (95% CI 240-376) cercariae per snail per hour. When we
incorporated these data and temperature-dependent estimates of snail egg production, snail
recruitment, infected and non-infected snail mortality, miracidial infectivity, miracidial
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mortality, and cercarial mortality into the model, R0 peaked at 21.2℃. Absolute R0 values
decreased in response to human treatment, molluscicide application, and cercarial control, while
combining all three interventions shifted R0 to 22.5℃. Our study shows that temperature has
significant effects on miracidial and cercarial abundance, as well as other life-history traits of
parasites and intermediate snail hosts, which in turn influences human risk of infection (R0).
Preliminary simulations suggest that controlling snail populations has the largest effect on
decreasing R0, but simultaneously implementing multiple intervention methods might also shift
the optimal temperature for Schistosoma transmission.

Introduction
Schistosomiasis, commonly known as bilharzia, is one of the most prevalent neglected tropical
diseases (NTDs) worldwide and the second most prevalent parasitic disease in sub-Saharan
Africa (Hotez and Kamath 2009, Fenwick 2012). The disease infects more than 200 million
people annually and threatens nearly 800 million globally (Chitsulo et al. 2000, Steinmann et al.
2006, WHO 2019). Schistosoma mansoni is one of the major helminth species that causes
schistosomiasis and is transmitted in freshwater through two larval stages called miracidia and
cercariae. The former emerge from ova, which hereafter we refer to as eggs, to infect
intermediate snail hosts (i.e. Biomphalaria spp.), and the latter are released from snails to infect
humans (Gryseels et al. 2006). Given that S. mansoni miracidia and cercariae do not feed, have
limited energy reserves, and live outside snails and humans, respectively, these larval stages are
likely influenced by temperature and other environmental conditions (Pietrock and Marcogliese
2003). However, thermal performance curves for miracidial hatching success and cercarial
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emergence are lacking in the literature, and the effect of hatching and emergence rates on
survival and infectivity has not been synthesized.
Because miracidia and cercariae are small, free-living ectothermic organisms, they are
sensitive to changes in temperature post-emergence (Lawson and Wilson 1980, Gillooly et al.
2001, Morley 2012). Previous studies have shown that warm temperatures decrease miracidial
survival (Prah and James 1977, Anderson et al. 1982) and cercarial survival (Studer et al. 2010),
which in turn decreases the odds of successful infection of snails and humans, respectively
(Anderson et al. 1982, McKerrow and Salter 2002). Yet few studies have examined how
temperature impacts the initial abundance of these larval stages (Kassim and Gilbertson 1976,
Anderson and Crombie 1984). At the same time, many mathematical models assume a
temperature-invariant rate of miracidial and cercarial production, along with other life-history
traits of the parasite or its intermediate host (Mangal et al. 2008, Chiyaka and Garira 2009, Gao
et al. 2010, McCreesh and Booth 2013), despite evidence that many parameters respond
differently to warm and cool temperatures (Samuelson et al. 1984, Fried et al. 2002, Poulin 2006,
Stensgaard et al. 2019).
The knock-on effects of the temperature-dependency of life-history traits on infection
dynamics is poorly understood across many host-parasite and host-vector systems (Mordecai et
al. 2013, Taylor et al. 2019), including schistosomiasis. For example, decreased miracidial and
cercarial densities reduce snail and human infection probability (Carter et al. 1982, Studer et al.
2010), respectively, but whether miracidial hatching success and cercarial emergence respond
similarly to temperature has not been extensively explored. Moreover, if life-history traits of S.
mansoni and Biomphalaria spp. respond differently to temperature, the impact of intervention
methods on infection dynamics will also likely vary. Quantifying the effects of a temperature
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gradient on miracidial hatching success and cercarial emergence rates is therefore a knowledge
gap in Schistosoma biology and might improve mathematical models for Schistosoma
transmission by more clearly defining exposure and infection probability parameters across
temperature. By defining the response of biological parameters across a temperature gradient,
evaluating differences between intervention methods will also become more feasible and
biologically relevant (Woolhouse 1992, Chan 1996).
The objectives of this study were to: a) determine the effect of temperature on miracidial
hatching success and cercarial emergence rates of S. mansoni, b) synthesize the effect of
temperature on related life-history traits of S. mansoni and Biomphalaria spp., the intermediate
snail host, from previous experimental data, c) examine how these parameters influence human
risk of infection as estimated by an R0 model, which approximates the number of secondary
cases from one infected human, and d) test the sensitivity of R0 to human treatment, molluscicide
application, and cercarial control across a temperature gradient. We predicted that hatching
success and cercarial emergence of S. mansoni would exhibit a unimodal response to
temperature, allowing us to identify minimum and maximum temperatures (Tmin and Tmax) and a
thermal optimum (Topt). That is, we hypothesized that hatching success and cercarial emergence
would increase with increasing temperatures to Topt and subsequently decrease after Topt was
reached. We further derived thermal performance curves of additional temperature-dependent
life-history traits of S. mansoni and Biomphalaria spp. by synthesizing experimental data from
the literature. We then used a disease dynamics model developed previously (Gao et al. 2010) to
assess the temperature dependence of R0 when incorporating our temperature-dependent
estimates of hatching success, cercarial emergence rates, and related life-history traits. Finally,
using the same model, we evaluated the temperature dynamics of three intervention methods: a)
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no control, b) human treatment at a rate of 3% of infected humans per day, and c) a combination
of human treatment, molluscicide application, and cercarial control, with snail and cercarial
treatment mortality rates of 10% and 5% per day, respectively. We predicted that absolute R0
values would decrease in response to all intervention methods, but that Topt might shift with
molluscicide application and cercarial control. Simultaneously targeting snail populations and
cercariae would decrease the influence of temperature-dependent parts of the life cycle and allow
human-related parameters, which are likely more temperature-independent, to drive transmission
dynamics.

Materials and Methods
To determine the effect of temperature on miracidial hatching success and cercarial emergence
rates of S. mansoni, we conducted a laboratory experiment. We measured miracidial hatching
success and cercarial emergence rates at one of nine temperature treatments (5, 9, 13, 17, 21, 25,
29, 33, and 37°C) during three time points (0.5, 6, and 24 hr). These 27 treatments combinations
were replicated on 24-well plates for a total of 648 experimental wells. We assessed cercarial
emergence within a 2-hr time period three times in 2-day intervals with the same temperature
treatments. There were eight infected and four uninfected snails per temperature treatment for a
total of 108 individual snails.

Hatching success of Schistosoma mansoni miracidia
To assess miracidial hatching success, we modified HHCOMBO lake water media by dissolving
the following stock chemicals in 1 L of DI water individually: 110.28 g of calcium chloride
(CaCl2 •2H2O), 110.51 g of magnesium sulfate (MgSO4•7H2O), 63 g of sodium bicarbonate
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(NaHCO3), 28.42 g of disodium metasilicate (Na2SiO3•9H2O), 24 g of boric acid (H3BO3), and
11.33 g potassium chloride (KCl) (Fisher Scientific, Waltham, MA) (Baer et al. 1999). We added
1mL/L DI water of each stock solution into 1L Nalgene bottles in the order listed except for
sodium bicarbonate, which we added 2mL/L DI water (Thermo Fisher Scientific, Waltham,
MA). These bottles were placed in incubators maintained at the relevant treatment temperatures
for one week and water temperature was measured before use.
The miracidial hatching experiment was conducted over three days in the following
blocks: 9, 25, and 29°C (day 1), 13, 17, and 21°C (day 2), and 5, 33, and 37°C (day 3). We used
one 24-well plate (Fisher Scientific, Waltham, MA) for each temperature treatment for miracidial
counts at 0.5, 6, or 24 hr after egg additions. To create our experimental conditions, we filled
each well halfway with HHCOMBO extracted from the Nalgene of the appropriate temperature
treatment. A plate with HHCOMBO at room temperature (22°C) served as a control for each
batch of eggs. Harvested eggs from the livers of Swiss Webster mice exposed to S. mansoni
(NMRI strain) were immediately pipetted into individual wells and plates were returned to
incubators held at the same temperature treatment to maintain consistent temperature. After 0.5,
6, and 24 hr, all miracidia in wells on a single plate were preserved with Lugol’s iodine solution
(40 g potassium iodide and 20 g iodine in 1 L DI water). To quantify hatching success, we
counted the number of empty and unhatched eggs in each well.

Emergence of Schistosoma mansoni cercariae
To examine the effect of temperature on cercarial emergence, we exposed lab-reared
Biomphalaria glabrata to hatched S. mansoni miracidia. We obtained unexposed, captive-bred
B. glabrata (NMRI strain) from the NIAID Schistosomiasis Resource Center (Rockville, MD,

27

USA). We then harvested eggs from the livers of Swiss Webster mice exposed to S. mansoni
(NMRI strain) and placed them in HHCOMBO at 22°C to encourage miracidial hatching. We
exposed B. glabrata snails between 4-6 mm to 10-20 freshly hatched S. mansoni miracidia. After
exposure, individual snails were moved to 5 oz. plastic portion cups (Fabri-Kal, Kalamazoo, MI)
with 145 mL HHCOMBO. We fed all snails twice per week with a mixture of 6g fish flakes
(OmegaSea, Ltd.; Sitka, Alaska), 6g spirulina powder (Now Foods, Bloomingdale, IL), and 2.5g
agar (Fisher Scientific, Waltham, MA) in 100 mL of DI water. To assess infection 8 weeks postmiracidial exposure, snails were moved to 30-mL beakers with 10-15 mL of HHCOMBO at
room temperature and placed under artificial light for 2 hours to induce cercarial emergence.
Individuals that released cercariae were then placed in separate 5 oz. plastic portion cups and
housed in incubators set to 5, 9, 13, 17, 21, 25, 29, 33, and 37°C. Infected (n=8 per temperature)
and uninfected (n=4 per temperature) snails were randomly distributed across two incubators (6
snails per incubator).
Snails were acclimated to the incubator environment for five days. To ensure that
individuals were exposed to the same light conditions during cercarial emergence trials,
individuals were placed in 30-mL glass beakers filled with 10-15 mL of HHCOMBO for 2 hours
under artificial light at 22°C. This occurred three times within one week at two day intervals.
After each trial, individual snails were removed, placed back in their enclosure, and returned to
their respective incubator.
Cercariae were stained and preserved with Lugol’s iodine solution and counted under a
dissection microscope (Leica S6E, Leica Microsystems, Wetzlar, Germany). When the number
of cercariae exceeded 500 in one beaker, we lightly jostled the beakers to distribute the cercariae
as evenly as possible. We then randomly chose 6 squares of a 6.0 x 6.0mm grid placed under the
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beaker (Fig. S1), summed the number of cercariae present within those squares, and extrapolated
to the total area of the beaker to arrive at a total count. A comparison of true total counts and our
grid method for a random subset of beakers were within ± 10%.

Statistical analyses
For miracidial hatching, we chose to analyze data collected at 24 hr to capture the maximum
number of eggs hatched during the experiment. We used generalized linear models with binomial
errors to model the thermal dependency of hatching success using models with linear and
quadratic temperature effects. Models were fitted in R 3.4.0 (Team 2017) using a Bayesian
inference framework as implemented in the brms package using uninformative flat priors on
fixed effects and weakly regularizing half student-t priors on random effect standard deviations
(Bürkner 2017).
Thermal dependency of cercarial emergence rate was modeled using a two-stage model
to address zero-inflation in the data. We initially compared a zero-inflated Poisson model and a
zero-inflated negative binomial model; approximate leave-one-out cross-validation (LOO)
information criterion identified the latter as the better model (Vehtari et al. 2016). We fitted a
simple thermal performance curve by modelling the effect of temperature as a quadratic term on
the link scale for both the count and the zero inflation part of the model. Since we obtained the
data using repeated measures on individuals, a random intercept was added for each individual.
Estimates of the temperature at which maximum emergence rates occurred (Topt), and the lower
and upper temperature limits where cercarial emergence rate hit zero (Tmin and Tmax), as well as
their associated uncertainties, were derived from posterior model predictions.
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Modelling of additional temperature dependent life-history traits
Following Mangal et al. (2008), we estimated the temperature dependency of additional lifehistory traits by fitting regression models to previously published experimental data. We
specifically searched the literature for experiments that examined the effect of temperature on
survival and infectivity of S. mansoni and Biomphalaria spp., the intermediate snail host. We
extracted data using Plot Digitizer 2.6.8. We determined uninfected and infected snail mortality
rates from El-Hassan (1974) and Foster (1964), respectively, miracidial mortality rates from
Anderson et al. (1982), and cercarial mortality rates from Lawson and Wilson (1980). We further
used Mangal et al. (2008) to derive temperature dependent miracidial infection rates of snails and
El-Hassan (1974) to approximate the temperature dependency of snail recruitment. Details of the
parameter estimation can be found in the online supplementary information (Appendix SI).

Modelling R0 for schistosomiasis
We modelled the basic reproductive number (R0), which estimates the number of secondary
cases given one infected human, based on a mathematical model of schistosomiasis transmission
dynamics from Gao et al. (2010) (Fig. S3):
𝛽1 𝛽2 𝛾𝛿
𝑅0 = √
𝑑1 𝑑2 𝑑3 𝑑4 𝜇1 𝜇3

Eq. 1

Where β1 is the probability of human infection, β2 is the probability of snail infection, γ
describes the miracidial population, δ describes the cercarial population, d1 is the death rate of
infected humans, d2 is the death rate of uninfected snails, d3 is the death rate of infected snails, d4
is the death rate of miracidia, µ1 is the natural death rate of humans, and µ3 is the natural death
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rate of miracidia. Additional equations were used to define γ, d1, d2, d3, d4, and δ and are as
follows (parameters defined in Table 1):
𝛾=

𝑘Λ1 𝛾2
𝑀0

Eq. 2

𝑑1 = 𝜇1 + 𝛿1 + 𝜂

Eq. 3

𝑑2 = 𝜇2 + 𝜃

Eq. 4

𝑑3 = 𝜇2 + 𝛿2 + 𝜃

Eq. 5

𝑑4 = 𝜇4 + 𝜏

Eq. 6

𝛿 = Λ2 𝛾2

Eq. 7

To derive temperature-dependent R0 values, we used data from our miracidial hatching
success (γ1) and cercarial emergence (γ2) trials and generated predictions for those parameters
from 5-37°C in 0.005°C increments. Based on available literature, we also estimated
temperature-dependent predictions for µ2, µ3, µ4, β2, δ2, and Λ2 (Appendix S1). Remaining
parameters from the original model were kept constant with regard to temperature (Table 1).
Following intervention scenarios outlined in Gao et al. (2010) we evaluated the model under
three intervention methods: a) no control, b) human treatment at a rate of 3% of infected humans
per day, and c) a combination of human treatment, molluscicide application, and cercarial
control, with snail and cercarial treatment mortality rates of 10% and 5% per day, respectively.

Results
Hatching success of Schistosoma mansoni miracidia
Hatching success was quantified as the number of hatched eggs over the total number of
unhatched eggs within a well. A regression model with a linear temperature effect provided a
better fit than one with a quadratic effect (ΔLOO-IC 2.6), indicating that the experimental
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temperature range did not include temperatures high enough to negatively affect hatching. That
is, we did not observe an inflection point where hatching success decreased and were thus unable
to identify a Topt or Tmax value for this parameter. The linear model estimated an odds ratio for
hatching success of 1.038 (95% credible interval 1.031:1.045). Specifically, for each increase in
temperature by 1°C, the expected hatching success increased by approximately 4%. Predicted
hatching success did not exceed 50% across temperatures, although observed hatching success
exceeded 60% in some wells above 22°C (Fig. 1).

Emergence of Schistosoma mansoni cercariae
The expected number of emerging cercariae peaked at 26°C (95% CI 24-28) at a rate of 306
(95% CI 240-376) cercariae per snail per hour or 589 per two hours (95% CI 474-755) (Fig. 2,
Table 2). Posterior model predictions for Tmin were well constrained by the experimental data at
10°C (95% CI width < 0.1°C), while the Tmax of cercarial emergence straddled the upper bound
of the experiment treatments and was estimated at 41°C (95% CI 37-47) (Table 2).

Estimating temperature-dependence of related life-history traits
Estimated snail recruitment (Λ2) and cercarial shedding (γ2) showed unimodal responses to
temperature (Fig. 3b, h). Topt for snail recruitment (Λ2) peaked between 20-25°C whereas
cercarial shedding (γ2) peaked at 26°C. Snail mortality (uninfected, µ2), miracidial mortality (µ3),
and cercarial mortality (µ4) showed a quadratic response to temperature, with the lowest
mortality rates occurring between 15-20°C for all three parameters (Fig. 3c, g, i). Miracidial
hatching rate (γ1) exhibited a linear response to temperature up to 37°C (Fig. 1, Fig. 3e) as
described previously. Snail mortality due to infection (δ2) and snail infectivity (β2) displayed

32

linear and exponential responses to temperature, respectively, but these were conservative
estimates due to a lack of data at lower temperatures (Fig. 3d, f). Additional descriptions of how
we interpolated the raw data and generated temperature dependent curves can be found in the
supplementary information (Appendix SI).

Effects of temperature on R0 for schistosomiasis
The model from Gao et al. (2010) allowed us to simulate three intervention methods: a) no
control, b) human treatment at a rate of 3% of infected humans per day, and c) a combination of
human treatment, molluscicide application, and cercarial control with snail and cercarial
treatment mortality rates of 10% and 5% per day, respectively. In the no control and human
treatment scenarios, R0 peaked around 21.2°C but human treatment decreased human risk of
infection by nearly an order of magnitude compared to no control measures (Fig. 4). When a
combination of human treatment, molluscicide application, and cercarial control were simulated,
the overall peak of R0 decreased by over two orders of magnitude and shifted towards 22.5°C
(Fig. 4). A sensitivity analysis of treatment intensities, that is the magnitude of realized human
treatment rates and parasite and snail removal, respectively, demonstrated that the optimum
temperature (Topt) of transmission was insensitive to human treatment rates, and only very
slightly increased with increasing cercariae removal (<0.1°C) (Fig. 5). However, molluscicide
application shifted Topt for transmission in a non-linear fashion, with even low levels (<5%) of
treatment mortality resulting in a Topt shift on the order of 1°C (Fig. 5).
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Figure 3. Observed and predicted hatching success across temperature. Predicted hatching
success with 95% credible intervals is shown in solid and dotted lines, respectively, with
observed hatching success depicted as points (n = 24 per temperature).
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Figure 4. Observed and predicted counts of emerging cercariae across the experimental
temperature treatments and associated 95% credible intervals. The optimal temperature
(Topt) and critical temperatures (Tcrit) for cercarial emergence are shown below the regression line
with their associated 95% credible intervals. Tcrit values depict the minimum (Tmin) and
maximum (Tmax) temperatures at which cercarial emergence can occur. Observed cercarial
emergence during the 2-hour emergence trials are depicted as points.
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Figure 5. Predicted temperature dependence for various life-history traits of Schistosoma
mansoni larval stages and Biomphalaria spp. Observations are shown where curves were
estimated directly from published data. The temperature dependence of snail recruitment was
derived from the egg production data shown here. Data underlying miracidial hatching rate and
cercarial emergence rate were collected in this study and are detailed in Figures 1 and 2. Details
of data extraction and parameter estimation can be found in the online supplementary
information (Appendix SI).
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Figure 6. Predicted temperature dependence of R0 based on the schistosomiasis disease
dynamics model from Gao et al. (2010) and temperature-dependent life-history traits
derived in this study. R0 curves are shown for three control scenarios: a) no control, b) human
treatment, and c) a combination of human treatment, molluscicide application, and cercarial
control.
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Figure 7. Predicted dependence of the temperature at which the maximum transmission
rate (R0) occurs based on the schistosomiasis disease dynamics model from Gao et al. (2010)
and different intervention methods and intensities. Tmax (R0) curves are shown for the effect of
treating humans or controlling snails or cercariae, respectively.
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Table 2. Temperature-invariant parameters in the R0 model.
Parameter Description
Λ1
Recruitment of susceptible humans

Value
8000 d-1

β1

Probability of transmission per cercarial contact

4.06 x 10-9

δ1

Disease-related death rate of infected humans

3.90 x 10-3

k

Portion of eggs leaving humans

300

α1

Saturation coefficient for cercarial infectivity

3.00 x 10-9

M0

Saturation coefficient for miracidial infectivity

1.00 x 106

µ1

Death rate of humans

3.84 x 10-5 d-1

k1

Consumption coefficient of cercarial population

10

k2

Consumption coefficient of miracidial population

10

ε

Saturation coefficient for miracidial infectivity

0.30

η

Treatment rate of infected humans

0.03 d-1

θ

Elimination rate of snails

0.1 d-1

τ

Elimination rate of cercariae

0.05 d-1

Reference
(Martens et
al. 1995)
(Gao et al.
2010)
(May and
Anderson
1979)
(Feng et al.
2004,
CastilloChavez et al.
2008)
(Gao et al.
2010)
(Gao et al.
2010)
(May and
Anderson
1979)
(Gao et al.
2010)
(Gao et al.
2010)
(Gao et al.
2010)
(Gao et al.
2010)
(Gao et al.
2010)
(Gao et al.
2010)
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Table 3. Posterior median and lower/upper bounds of the credible interval for temperature
parameters extracted from cercarial emergence model predictions.
2.5%

50%

97.5%

305.7

376.2

Topt 24.4

26.0

28.3

Tmin 9.9

9.9

9.9

Tmax 37.4

40.8

46.7

Expected hourly count of cercariae at Topt 239.9

Discussion
We investigated the temperature sensitivity of miracidial hatching success and cercarial
emergence rates of S. mansoni to expand an existing mathematical model of schistosomiasis. We
found that temperature was positively associated with miracidial hatching up to 37°C,
temperature was positively associated with cercarial emergence up to 26°C, and inclusion of
these temperature-dependent parameters and related life-history traits altered the outcome of R0,
which estimates the number of secondary infections given an infected human. Additionally,
simulating a combination of human treatment, molluscicide application, and cercarial control
decreased the absolute value of R0 and shifted the optimum temperature (Topt) of R0 from 21.2°C
towards 22.5°C. These findings inform a critical component of schistosome biology previously
missing in the literature, demonstrates that miracidial hatching and cercarial emergence rates can
influence the overall risk of human infection, and intervention methods might shift the Topt of
Schistosoma transmission.
The upper temperature bound (Tmax) for miracidial hatching success was beyond our
experimental treatment range, but our results demonstrate that this parameter followed a positive

40

linear trend up to the highest tested temperature of 37°C. Our results are in agreement with
previous findings, which found that hatching rate was higher at 34°C compared to 4°C
(Samuelson et al. 1984), and suggests that higher temperatures will lead to more miracidia.
However, despite higher hatching rates at warmer temperatures, previous work has also shown
that miracidial infectivity and snail infection rates do not increase linearly with temperature and
in fact peak at approximately 25°C (Anderson et al. 1982, Carter et al. 1982). Given these studies
and predicted hatching success from our experiment, it seems that higher hatching success does
not compensate for a decrease in miracidial infectivity at higher temperatures. This constraint
may be useful for informing miracidial density or snail infection parameters in future models.
Cercarial production has been used as a proxy for human risk of infection (McCreesh and
Booth 2014) and our results suggest that maximum cercarial abundance occurs around 26°C. Our
model predicted 240-376 cercariae produced per snail per hour at 26°C, which is the same order
of magnitude as the 300-500 cercariae produced per snail per hour at 25°C in another study
(Theron 1984). These averages, however, should not be interpreted as constant daily rates, as
cercarial emergence for S. mansoni has been documented to show diel variation from 6 AM to 6
PM, with peak emergence between 10 AM and 1 PM and no cercarial emergence overnight
(Theron 1984, Combes et al. 1994). Future models should therefore limit cercarial emergence to
no more than 12 hours per day, and could focus on methods to incorporate a unimodal response
for cercarial emergence based on hourly average temperatures for a given region.
The critical temperature bounds for cercarial emergence (i.e. Tmin and Tmax) were 10 and
41°C, respectively, and are additional constraints that might improve predictions for human risk
of infection. A previous study predicted that cercarial emergence of S. mansoni from B. glabrata
could only occur between 16 and 35°C (Pfluger 1980), but our results suggest that B. glabrata
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can develop and release cercariae across a broader temperature range. Human transmission may
increase if both peak transmission time (i.e. mid-day) and Topt for cercarial emergence coincide
(Theron 1984, Tchuente et al. 1999).
A limitation of our models was that experiments only extended to 37°C, which did not
allow us to fit a meaningful quadratic model for hatching success and identify Topt or Tmax for that
parameter. There was also greater variability around the expected mean for cercarial emergence
above 37°C compared to the credible intervals for the minimum and optimum temperature of
cercarial emergence at 4°C (Tmin) and 26°C (Topt), which were well constrained. These results are
in line with a previous study which found that cercarial emergence exhibited less variability
when cercarial output was optimal (Topt) compared to when cercarial output was low (Tmin and
Tmax) (Studer and Poulin 2014). Models should derive these uncertainties where possible to
constrain model parameters.
By modelling temperature-dependent life-history traits from existing data, we
demonstrated that human risk of infection (R0) is temperature sensitive and peaks at 21.2°C when
no control measures are implemented (Fig. 4). A lower Topt for R0 is likely due to the fact that the
minimum mortalities for snails, miracidia, and cercariae are at 18°C, 18°C, and 15°C,
respectively (Fig. 3c, g, i); these parameters act together to drive Topt for R0 towards cooler
temperatures than would be expected based on the temperature-dependent miracidial hatching
and cercarial shedding rates reported here. When we simulated human treatment, the magnitude
of R0 decreased (Fig. 4), but Topt remained the same. This result was unsurprising as the
probability of transmission per cercarial contact and other human-related parameters were kept
temperature-invariant in our model (Table 1). Although one study posits that cercarial infectivity
and therefore human infection rates may be temperature-dependent (Purnell 1965), findings from
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other experiments suggest cercarial infectivity is more dependent on cercarial age than
temperature (Olivier 1966, Whitfield et al. 2003). Predation may also indirectly decrease
cercarial infectivity by decreasing cercarial abundance (Stirewalt and Lewis 1981). Given these
conflicting findings, future work should quantify how strongly temperature affects cercarial
infectivity and related human infection parameters.
Simulating human treatment, molluscicide application, and cercarial control showed that
human risk of infection varied depending on the control target. As demonstrated by Gao et al.
(2010), any intervention reduces R0, with the strongest effects for a given removal rate resulting
from molluscicide application, followed by human treatment, and much smaller effects resulting
from direct control of cercariae (Fig. 5). Applying temperature-explicit trait data further led us to
discover that intervention methods can shift the peak R0 value (Fig. 4). The shift in Topt from
21.2°C towards 22.5°C was largely driven by the extent of molluscicide application and is a
result of the treatment mortalities being markedly larger than the natural mortality rates of
infected and uninfected snails, thereby diminishing the relative importance of the temperature
dependence of natural and infection-related snail mortality on the overall mortality rates (Fig. 3cd; Fig. 5). However, this result assumes that human treatment and molluscicide application are
equally efficient across temperature, which may or may not be true. Although the efficacy of
many intervention methods has been measured (Lowe et al. 2005, Abudho et al. 2018, Hoover et
al. 2019), quantifying the temperature dependency of invention methods would vastly improve
predictions.
We found that the optimum temperatures (Topt) for miracidial hatching success and
cercarial emergence were different, which may partially be due to the fact that S. mansoni eggs
emerge from endothermic humans while cercariae emerge from ectothermic snails (Morley
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2012), and that these mismatches in thermal optima influenced the infection dynamics of
schistosomiasis. Overall, our study provides additional insight into schistosome biology, defines
the temperature-dependent relationship of miracidial hatching success and cercarial emergence,
and demonstrates that human risk of infection (R0) is sensitive to temperature-dependent lifehistory traits of the parasite and its intermediate host, which have a knock-on effect on
temperature-dependent disease dynamics under different intervention scenarios.
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Supplemental Figures

Figure S1. Counting method for cercariae. Cercariae, stained red, were counted in six random
squares (right photo) as shown for each beaker (left photo). Cercarial heads were counted to
avoid double counting individuals.
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Figure S2. Predicted dependence of the maximum transmission rate R0, max based on the
schistosomiasis disease dynamics model from Gao et al. (2010) and different intervention
methods and intensities. R0,max curves are shown for the effect of treating humans or controlling
snails or cercariae, respectively.
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Appendix S1: Parameter estimation
We derived temperature dependent R0 values from the disease dynamics model of
schistosomiasis developed by Gao et al. (2010). A schematic of this model is provided in Fig. S3,
with individual parameters defined here and in the main text. In addition to parameterizing
hatching rate (γ1) and cercarial emergence rate (γ2), we extracted data from the literature that
examined the effect of temperature on related life-history traits of Schistosoma mansoni and
Biomphalaria spp. We used these data to generate estimates of temperature-dependent parameter
curves across our temperature range of 5-37°C. Unless noted, curves were fitted using Bayesian
regression models as implemented in the brms package with flat priors on fixed effect parameters
and weakly regularizing half student-t priors on variance parameters (Bürkner 2017).

Figure S3. Schematic of the mathematical model of schistosomiasis transmission dynamics
developed by Gao et al. (2010), and used in the present study to predict temperature
dependent R0 values. Temperature dependent parameters are highlighted in purple. Parameters
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pertaining to disease control are highlighted in orange. Parameter definitions are given below and
in the main text.

Estimating Emergence Rates
1) Hatching rate (γ1)
We estimated hatching rate by multiplying predictions from our model of the proportion of eggs
hatched by 300, the number of eggs produced per mated pair of schistosomes (Feng et al. 2004,
Castillo-Chavez et al. 2008) (see Fig. 3f in the main text).

2) Cercarial emergence rate (γ2)
We scaled our predictions of cercariae released per snail per to assume 12h of cercarial
emergence based on previous data showing that shedding is largely restricted to daylight hours
(Theron 1984, Combes et al. 1994) (see Fig. 3h in the main text).

Estimating Mortality Rates
1) Natural snail mortality rate (µ2)
Snail mortality rates were taken from Mangal et al. (2008), which were based on biweekly
mortality rates of Biomphalaria alexandrina, an intermediate snail host for S. mansoni (ElHassan 1974). We used a regression model with a quadratic temperature effect to interpolate
these data.
Temperature (°C)

Adult mortality rate

10

0.0038 d-1

15

0.0062 d-1
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20

0.0038 d-1

25

0.0030 d-1

30

0.0080 d-1

35

0.0182 d-1

2) Snail mortality rate due to infection (δ2)
Adult snail mortality rates due to infection were taken from Mangal et al. (2008), which were
derived from mortality rates of infected Biomphalaria pfeifferi over 60 days (Foster 1964). These
data were limited to the upper part of the temperature range considered in our study. As no
inflection point was apparent from the data, we conservatively fitted a linear temperature effect
and setting all negative predictions to zero. This means for temperatures below c. 22°C, no
additional mortality from infection was assumed (see Fig. 3c in the main text).
Temperature (°C)

Additional mortality

23

0.0036 d-1

24

0.0082 d-1

26

0.0221 d-1

28

0.0283 d-1

3) Miracidial mortality rate (µ3)
Per capita mortality rates were derived from miracidial survival curves (Anderson et al. 1982).
We used a regression model with a quadratic temperature effect to interpolate these data (see Fig.
3g in the main text).
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4) Cercarial mortality rate (µ4)
We estimated temperature dependent cercarial mortality rates by re-analyzing data presented in
Lawson and Wilson (1980). Briefly, we assumed that time-course observations of cercarial
survival followed a Weibull survival curve:
𝜇(𝑡) = exp(−(𝑡/𝜎𝑡 )𝛼 )
with Beta distributed observation errors
𝑦𝑜𝑏𝑠 (𝑡) ∼ 𝐵𝑒𝑡𝑎(𝜇(𝑡), 𝜙𝑜𝑏𝑠 ),
following the mean-precision parametrization of the Beta distribution (Ferrari and Cribari-Neto
2004). Parameters of the model were estimated using RStan (Team 2019) with a Gamma(2,1)
prior on the Weibull shape parameter 𝛼, and diffuse Gamma(0.1,0.1) priors on the Weibull scale
parameter 𝜎𝑡 and the Beta precision parameter 𝜙𝑜𝑏𝑠 . Daily mortality rates 𝜇4 were calculated
from the joint-posterior as the inverse of the median life expectancy (Mangal et al. 2008), where
𝜇4 =

1
1

𝜎𝑡 ∗ ln2𝛼
The thermal response curve for cercarial survival was estimated in a second step by fitting a lognormal regression model with a quadratic temperature effect using the brms package (Bürkner
2017) to interface RStan.
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Figure S4. Weibull survival curves fitted to experimental data from Lawson and Wilson
(1980). These curves were used to estimate the temperature dependence of the median life-span,
which was then converted to a daily mortality rate.
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Estimating Infection Rates
1) Probability of snail infection from miracidia (β2)
We interpolated miracidial infection rates from Mangal et al. (2008) using a log-normal
regression model with a linear temperature effect.
Temperature (°C)

Miracidial infection rate

20

1.27 x 10-4 L-1 d-1

25

9.10 x 10-5 L-1 d-1

30

1.40 x 10-3 L-1 d-1

35

1.20 x 10-3 L-1 d-1

Estimating Snail Recruitment
1) Temperature dependent snail recruitment (Λ2)
The schistosomiasis model of Gao et al. (2010) simplifies the population dynamics of the
intermediate snail host by using a fixed recruitment rate Λ2 and two fixed mortality rates μ2 for
susceptible and μ2+ δ2 for infected snails, respectively. To approximate the greater biological
detail provided by the model of Mangal et al. (2008), we used the temperature dependence of
snail egg production rates determined by El-Hassan (1974) to derive a constraint on the
recruitment rate Λ2. To derive this constraint, we fitted a thermal performance curve to total egg
counts using a Poisson regression model with a log-link and a quadratic temperature effect. We
normalized the resulting thermal performance curve to values in the interval [0,1] by dividing
predicted egg counts by the maximum predicted egg count. Finally, we multiplied this relative
predicted egg count with the constant recruitment parameter of 200 snails d -1 used by Gao et al.
(2010) to arrive at a temperature dependent recruitment rate Λ2.
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Figure S5. Observed and fitted temperature dependence of a) egg production in
Biomphalaria spp. and b) the derived temperature dependence of snail recruitment.
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CHAPTER 3: EFFECTS OF TEMPERATURE AND VISCOSITY ON MIRACIDIAL
AND CERCARIAL MOVEMENT OF SCHISTOSOMA MANSONI: RAMIFICATIONS
FOR DISEASE TRANSMISSION

Abstract
Parasites with complex life cycles can be susceptible to temperature shifts associated with
seasonal changes, especially as free-living larvae that depend on a fixed energy reserve to
survive outside the host. The life cycle of Schistosoma, a trematode genus that causes human
schistosomiasis, includes free-living, aquatic miracidial and cercarial larval stages that swim
using cilia or a forked tail, respectively. The small size of these swimmers (150-350 µm) dictates
that their propulsion is dominated by viscous forces. Given that viscosity inhibits the swimming
ability of small organisms and is inversely correlated with temperature, changes in temperature
should affect the ability of free-living larval stages to swim and locate a host. By recording
miracidial and cercarial movement of Schistosoma mansoni using a high-speed camera and
manipulating temperature and viscosity independently, we assessed the role each factor plays in
the swimming mechanics of the parasite. We found a positive effect of temperature and a
negative effect of viscosity on miracidial and cercarial speed. Reynolds numbers, which describe
the ratio of inertial to viscous forces exerted on an aquatic organism, were <1 across treatments.
Q10 values were <2 when comparing viscosity treatments at 20°C and 30°C, further supporting
the influence of viscosity on miracidial and cercarial speed. Given that both larval stages have
limited energy reserves and infection takes considerable energy, successful transmission depends
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on both speed and lifespan. We coupled our speed data with mortality measurements across
temperatures and discovered that the theoretical maximum distance travelled increased with
temperature and decreased with viscosity for both larval stages. Thus, our results suggest that S.
mansoni transmission is high during warm times of the year partly because of improved
swimming performance of the free-living larval stages and that increases in temperature variation
associated with climate change might further increase transmission.

Introduction
Seasonal variation in temperature can strongly affect parasite and host abundance, behavior,
development, and survival, and thus the spread of emerging and re-emerging infectious diseases
(Altizer et al. 2006, Lafferty 2009). However, the direction of these effects can be additive,
antagonistic, or synergistic (Daszak et al. 2001, McMichael et al. 2006, Rohr et al. 2011, Raffel
et al. 2013, Cohen et al. 2018), making it difficult to predict net outcomes on disease
transmission. For example, high temperatures can accelerate parasite reproduction and
development but can also increase parasite mortality and reduce parasite fitness (Lafferty 2009,
Amarasekare and Savage 2012). Examining the life history traits of parasites at all stages in
response to temperature is therefore crucial to accurately predicting host-parasite dynamics under
seasonal conditions, which has been shown to influence transmission via rates of host exposure
to parasites and parasite infectivity (Shocket et al. 2018).
Temperature has nonlinear effects on reproduction, survival, and infectivity of many
parasites and hosts (Studer et al. 2010, Dell et al. 2011, Mordecai et al. 2013, Johnson et al.
2015, Cohen et al. 2017, Rohr et al. 2018). Free-living stages of parasites (i.e. larvae) in aquatic
systems are especially sensitive to changes in temperature because they have finite energy
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reserves that deplete faster at higher temperatures (Pietrock and Marcogliese 2003). Q10, a
measure of the rate of change of a reaction for every increase in 10°C, is often used to describe
how strongly temperature affects a physiological process. Most biological processes have a Q10
between two and three, with values less than two indicating that a physiological process is not
very temperature-dependent and values greater than two indicating temperature-dependency. Q10
has been used to measure the sensitivity of life history traits of parasites and hosts to seasonally
relevant temperature ranges (Morley 2011, Paull and Johnson 2011, Morley 2012); however, the
effects of temperature and viscosity are confounded for small aquatic organisms (Podolsky and
Emlet 1993, Fuiman and Batty 1997, Gemmell et al. 2013), so obtaining accurate Q10
measurements for free-living larvae requires parsing out the effects of viscosity.
Viscosity is inversely correlated with temperature and Reynolds numbers are used to
describe the ratio of inertial to viscous forces exerted on an organism in a fluid. Small aquatic
organisms typically have a Reynolds number less than one, which indicates that viscous forces
dominate their locomotive ability and they must overcome resistance (i.e. viscous drag) to move
through the water (Purcell 1977). Conversely, large aquatic organisms with a Reynolds number
greater than one are dominated by inertial forces and changes in the viscosity of a fluid will have
less of an impact on locomotion (DeMont and Hokkanen 1992). That is, larger aquatic organisms
can generate enough force to resist viscous drag. Reynolds numbers are commonly reported in
fluid mechanics literature and less commonly in parasite literature, but may offer additional
insights into parasite locomotion and swimming performance across temperatures.
Schistosoma mansoni is a trematode species that causes schistosomiasis, one of the most
prevalent neglected tropical diseases of humans (Hotez 2013). Approximately 200 million people
are infected and more than 800 million individuals are at risk of contracting the disease in
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endemic areas, particularly in sub-Saharan Africa (WHO 2019). S. mansoni eggs enter
freshwater through human feces and hatch into the first larval stage, called miracidia. These
ciliated, 150 µm long organisms swim and infect Biomphalaria spp., the intermediate snail host.
Once inside, miracidia develop into cercariae, which are slightly larger than miracidia (250-350
µm) and swim with a forked tail. Cercariae are diurnally released by snails back into freshwater
and infect humans via skin penetration.
Few studies have examined the role of temperature and viscosity in parasite motility,
even though free-living larval stages of parasites are small, likely operate under a Reynolds
number less than one, do not feed, and thus have limited energy for propulsion. Swimming speed
of larval stages has been found to increase the likelihood of infection because of increased
contact rates with hosts (Fingerut et al. 2003, Pasternak et al. 2004), but this will not occur if
mortality occurs before infection. Thus, there is a need to quantify the swimming mechanics of
miracidia and cercariae in response to changes in temperature and viscosity and the estimated
distance that these larval stages can travel based on swimming speed and survival. The greater
the distance these larval stages can travel, the presumed higher probability of transmission given
that finding and penetrating a host takes considerable energy.
The main objectives of this study were to a) decouple and quantify the constitutive effects
of temperature and viscosity on miracidial and cercarial speed, miracidial power during
swimming, and cercarial tail-beat frequency and b) calculate the theoretical maximum distance
miracidia and cercariae can travel across their natural temperature range. To provide additional
measures of how strongly temperature and viscosity affect movement, we calculated Q10 values
and Reynolds numbers for miracidial and cercarial speed. We expected that higher temperatures
would result in higher metabolic rates and thus faster swimming speeds, more power expended
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for miracidia, and quicker tail-beat frequencies for cercariae. However, we also expected that
miracidial and cercarial speed, miracidial power, and cercarial tail-beat frequency would
decrease under viscous forces because miracidia and cercariae are small and likely operate at
Reynolds numbers less than one.

Materials and methods
Obtaining Schistosoma mansoni miracidia and cercariae
We harvested livers from Swiss Webster mice exposed to the NMRI strain of S. mansoni. A liver
homogenate was passed through a 106µm sieve (Fisherbrand test sieve, ASTM E-11 Standard)
and the solution that passed through the sieve was caught in another container. This solution,
which contained S. mansoni eggs, was subsequently passed through a 45µm sieve (Fisher
Scientific Company, ASTM E-11 Standard). We rinsed the eggs from this sieve with 1.2% saline
into a beaker with an artificial freshwater solution modified from Baer et al. (1999) to induce
hatching.
To obtain cercariae, Biomphalaria glabrata were exposed to 10-20 S. mansoni miracidia.
Individuals were held at room temperature (22°C), fed ad libitum (6g fish flakes and 6g spirulina
in 2.5g agar), and tested for infection eight weeks post-exposure. On the day of the experiment,
infected snails were placed under artificial light for one hour at room temperature (22°C) to
induce cercarial emergence. All cercariae were homogenized into one beaker with the same
artificial freshwater solution described above.
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Manipulation of temperature and viscosity
Water was either heated using a 200 W submersible aquarium heater or cooled using a 1/10 hp
aquarium chiller unit. The water temperatures tested were 10°C, 20°C, and 30°C. All data
recordings (filming) were performed in a recirculating water bath to maintain the temperature
within ± 1°C and reduce the presence of small-scale convective currents within the filming
vessel. We manipulated viscosity independent of temperature at 20°C and 30°C by dissolving
methylcellulose polymer (25cP) (MC). A Cannon-Fenske routine viscometer was used to
determine the concentration of methylcellulose solution that matched the kinematic viscosity of
water at 10°C (ν = 1.35 × 10−6 m2s−1). We had a total of five treatments: 10°C, 20°C, 30°C, 20°C
with MC, and 30°C with MC. Previous studies have shown no effect of methylcellulose on the
metabolic rates of organisms (Luckinbill 1973, Fuiman and Batty 1997).

High-speed videography of miracidia and cercariae
Once S. mansoni miracidia and cercariae were collected, individuals were transferred to a glass
observation cuvette (1cm x 5cm x 5cm) with water at 10, 20, 30°C, 20°C with MC, or 30°C with
MC. We used a high-speed camera at 1280 x 1024 pixel resolution (Edgertronic SC1) to film
miracidia and cercariae at 100 frames per second (fps), 250 fps, or 500 fps, depending on the
organism’s swimming speed (Fig. 1). All videos were imported into ImageJ (Schneider et al.
2012) for kinematic analyses. We only analyzed individuals that swam in the camera’s focal
plane over the entire period of quantification to minimize error associated with out of plane
movements, which resulted in unequal sample sizes across treatments. We calculated average
miracidial speed at 10°C (n = 17), 20°C (n = 24), 30°C (n = 36), 20°C with MC (n = 11), and
30°C with MC (n = 21) by tracking individuals frame by frame. We employed the same method
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for cercarial speed at 10°C (n = 8), 20°C (n = 10), 30°C (n = 16), 20°C with MC (n = 10), and
30°C with MC (n = 8). Water was seeded with neutrally buoyant particles (5-20 µm diameter) so
for each swimming sequence, the speed of an in-focus nearby particle was also quantified to
correct for any effects of convection currents present in the observation cuvette. For cercarial
tail-beat frequency, we measured five tail-beats per individual and calculated the average number
of tail-beats per second at 10°C (n = 10), 20°C (n = 10), 30°C (n = 21), 20°C with MC (n = 10),
and 30°C with MC (n = 10). To view an example of miracidia at 30°C (15fps) and cercariae at
30°C (10fps) without methylcellulose, click on the attached videos (online version only).

Statistical analyses
All statistical analyses were conducted in R version 3.2.4 (Team 2017). We applied a log10(x+1)
transformation to miracidial and cercarial speed to adhere to assumptions of normality. To
determine the effects of temperature independent of viscosity, we analyzed the miracidial and
cercarial data separately and used two-sided t-tests to compare mean miracidial speed, cercarial
speed, miracidial power, and cercarial tail-beat frequency between 10°C and 20°C with MC,
10°C and 30°C with MC, and 20°C with MC and 30°C with MC. Due to unequal sample sizes,
the variance between some groups were unequal and a Welch’s t-test was conducted instead. A
sequential Bonferroni correction was then employed to account for multiple comparisons
(Benjamini and Hochberg 1995). Next, to analyze the overall effects of temperature on these
response variables at 10°C, 20°C with MC, and 30°C with MC, we applied a generalized linear
model (glm function, stats package) with temperature as a continuous independent variable. To
test for interactions between temperature and viscosity, we excluded the 10°C treatment and used
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a 2x2 ANOVA (Anova function, car package) with temperature and viscosity as categorical
independent variables.
To calculate the amount of power miracidia require to move through the water, we used
the following equation for the metabolic cost of motility for ciliated organisms (Crawford 1992):
𝑃 = 3𝜋𝐷𝑣 2 𝜂
where D is the organism’s diameter (m), 𝑣 is the organism’s velocity (m/s), and 𝜂 is the water
viscosity (N*s/m2). We did not apply the same equation to cercariae given their non-ciliated
body morphology and unusual movement patterns.
To measure how strongly temperature affected miracidial and cercarial speed, we
calculated Q10 values using the following equation:
𝑄10 = (

𝑅2 (𝑇10°𝐶
) 2−𝑇1)
𝑅1

where R is the rate of the response variable and T is the temperature (°C).
To measure how strongly viscosity affected miracidial and cercarial speed, we calculated
Reynolds number using the following equation:
𝑅𝑒 =

𝜌𝑢𝐿
𝜇

where ρ is the density of the fluid (kg/m3), u is the velocity of the organism (m/s), L is the length
of the organism (m), and µ is the dynamic viscosity of the fluid (N*s/m2).
To calculate the theoretical maximum distance miracidia and cercariae could travel, we
extracted survival data at 10, 20, and 30°C for miracidia from Anderson et al. (1982) and at 20
and 30°C for cercariae from Lawson and Wilson (1980). Cercarial survival data at 10°C was not
available for extraction from the literature. We then multiplied longevity values by average
swimming speed, assuming constant movement throughout miracidial and cercarial lifespan.
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Results
Miracidial and cercarial speed, miracidial power, and cercarial tail-beat frequency
Temperature had a positive significant effect on miracidial speed (t = 4.71, df = 48, p <
0.0001, Table 1) and the 2x2 ANOVA showed a significant effect of temperature (F1,88 = 25.92,
df = 1, p < 0.0001) and viscosity (F1,88 = 6.99, df = 1, p = 0.0097), but no interaction between
those two factors (F1,88 = 1.32, df = 1, p = 0.2534) (Fig. 2A). A Bonferroni-adjusted t-test
revealed that mean miracidial speed was significantly greater at 30°C with MC than 10°C (p <
0.0001, Table 2). In fact, miracidia swam 2.5 times faster at 30°C with MC than 10°C, with a
difference of 0.17 mm/s (95% CI: 0.10, 0.24). All other Bonferroni-adjusted t-tests were not
significant (Table 2).
Temperature also had a positive significant effect on cercarial speed (t = 5.82, df = 25, p
< 0.0001, Table 1). The 2x2 ANOVA indicated that there was a significant effect of temperature
(F1,40 = 69.31, df = 1, p < 0.0001) and viscosity (F1,40 = 51.00, df = 1, p < 0.0001), and the
interaction between those two factors approached significance (F1,40 = 4.00, df = 1, p = 0.0525)
(Fig. 2B). All Bonferroni-adjusted t-tests for cercarial speed were significant (Table 2).
Temperature had a positive significant effect on miracidial power (t = 3.62, df = 48, p =
0.0007, Table 1) (Fig. 3A). The 2x2 ANOVA showed a significant effect of temperature (F1,88 =
16.31, df = 1, p = 0.0001), but not viscosity (F1,88 = 0.42, df = 1, p = 0.5206) or the interaction
(F1,88 = 0.36, df = 1, p = 0.5526). The amount of power generated at 30°C with MC was three
times greater than that at 20°C with MC (p = 0.0150, Table 2) and more than 18 times greater
than that at 10°C (p = 0.0019, Table 2). All other Bonferroni-adjusted t-tests were not significant
(Table 2).
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Temperature also had a positive effect on cercarial tail-beat frequency (t = 62.90, df =
149, p < 0.0001, Table 1). The 2x2 ANOVA indicated there was a highly significant effect of
temperature (F1,251 = 1725.95, df = 1, p < 0.0001), but not viscosity (F1,251 = 0.28, df = 1, p =
0.5944) or the interaction (F1,251 = 2.67, df = 1, p = 0.1034) (Fig. 3B). All Bonferroni-adjusted ttests for cercarial tail-beat frequency were significant (Table 2).

Q10, Reynolds number, and maximum distance travelled
For miracidial and cercarial speed, Q10 values were between 1.05 and 2.65, with cercariae
exhibiting the widest range of values. Q10 values for miracidial speed were greater than two in
treatments where viscosity was not manipulated but decreased to less than two when
methylcellulose was added. Q10 for cercarial speed exhibited similar trends (Table 3). Reynolds
numbers for miracidial and cercarial speed were less than one across all treatments, but increased
with temperature and decreased with viscosity (Table 3). That is, treatments with methylcellulose
had smaller Reynolds numbers compared to treatments at the same temperature where viscosity
was not manipulated for both larval stages.
Despite dying sooner at higher temperatures, the estimated maximum distance miracidia
and cercariae could travel increased significantly with temperature (Fig. 4). When
methylcellulose was added, the distance miracidia could travel decreased from 39 and 52m to
approximately 33 and 34m at 20 and 30°C, respectively (Fig. 4A). The distance cercariae could
travel decreased from approximately 122 and 127m to 100 and 81m at 20°C and 30°C,
respectively (Fig. 4B). Overall, the degree to which viscosity decreased the distance cercariae
could travel at 30°C versus 30°C with MC was much greater than the decrease between 20°C
versus 20°C with MC.
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Figure 8. Experimental set-up shown here. Note, this diagram is not drawn to scale.

Figure 9. Mean (± 1 SE) miracidial speed (A) and cercarial speed (B) under various
temperature and viscosity treatments. ⚫ and  represent MC – (no methylcellulose) and MC
+ (methylcellulose) treatments, respectively.
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Figure 10. Mean (± 1 SE) miracidial power (A) and cercarial tail-beat frequency (B) speed
across temperature and viscosity treatments. ⚫ and  represent MC – (no methylcellulose)
and MC + (methylcellulose) treatments, respectively.
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Figure 11. Mean (± 1 SE) estimated maximum distance traveled for miracidia (A) and
cercariae (B) across temperature and viscosity treatments. Standard error are derived from
miracidial and cercarial speed exclusively because error estimates associated with the survival
times were not always provided in the original papers from where these data were extracted. ⚫
and  represent MC – (no methylcellulose) and MC + (methylcellulose) treatments,
respectively.
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Table 4. Speed, power, and tail-beat frequency for miracidia and cercariae as a function of
temperature compared across 10°C, 20°C with methylcellulose, and 30°C with
methylcellulose. Models are shown below the response variable.
Generalized linear models
Intercept Slope
Standard error
Miracidial speed
Log10(Speed+1) ~ Temperature
0.014
0.008
0.002
Cercarial speed
Log10(Speed+1) ~ Temperature

0.048

0.009

0.002

Miracidial power
Power ~ Temperature

-1.257-12

1.229-13

3.391-14

Cercarial tail-beat frequency
Tail-beat frequency ~ Temperature

-5.215

1.135

0.018

Table 5. Speed, power, and tail-beat frequency for miracidia and cercariae compared at
10°C, 20°C with methylcellulose (MC), and 30°C with methylcellulose (MC). A Welch’s ttest was conducted for groups with unequal variance. All treatments are listed in descending
order of p-values and are bolded for significance according to sequential Bonferroni corrections.
Comparison
t
df
p
Miracidial speed
20°C with MC & 30°C with MC
1.90 30.00
0.0674
10°C & 20°C with MC
2.50 11.51
0.0287
10°C & 30°C with MC
4.93 22.10
< 0.0001
Cercarial speed
20°C with MC & 30°C with MC
10°C & 20°C with MC
10°C & 30°C with MC

3.19
3.25
5.36

16
16
14

0.0057
0.0050
0.0001

Miracidial power
10°C & 20°C with MC
20°C with MC & 30°C with MC
10°C & 30°C with MC

2.15
2.61
3.58

10.15
24.88
20.04

0.0570
0.0150
0.0019
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Table 5. (Continued)
Cercarial tail-beat frequency
10°C & 20°C with MC
10°C & 30°C with MC
20°C with MC & 30°C with MC

69.75
53.84
26.69

82.64
53.14
59.32

< 0.0001
< 0.0001
< 0.0001

Table 6. Reynolds numbers and Q10 values for miracidial and cercarial speed across
treatments with and without methylcellulose (MC).

Treatment
10°C
20°C
30°C
20°C MC
30°C MC
a
b

Miracidia
Reynolds number
0.030
0.091
0.271
0.059
0.109

Q10
2.32
2.35
1.97
1.91a,
1.85b

Cercariae
Reynolds number
0.071
0.244
0.504
0.138
0.196

Q10
2.65
2.09
1.95
1.05a,
1.43b

Compared between 30°C MC and 20°C.
Compared between 30°C MC and 20°C MC.

Discussion
In this study, we decoupled the effects of temperature and viscosity over a natural seasonal
temperature range on the aquatic larval stages of the human parasite Schistosoma mansoni to
understand the physiological mechanisms underlying their movement. We found that
temperature and viscosity have significant effects on miracidial and cercarial swimming speeds
and the overall distance that these larval stages can travel. Cercarial tail-beat frequency and
miracidial power were strongly affected by temperature but unaffected by changes in viscosity.
Reynolds numbers for miracidial and cercarial speed were less than one across all treatments,
supporting the notion that both larval stages operate at low Reynolds numbers. Q 10 values for
miracidial and cercarial speed were greater than two when viscosity was not manipulated. These
values decreased to values less than two when methylcellulose was added, indicating that the
effect of temperature independent of viscosity was weaker than the effect of these factors
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combined. Said another way, the relative contribution of temperature to increasing miracidial and
cercarial speed was overestimated when temperature and viscosity were coupled. Theoretical
maximum distance calculations provided additional evidence that low viscosity at high
temperatures strongly impact parasite locomotion.
Swimming speed is an important parameter for estimating exposure rates between the
larval stages of S. mansoni and their respective hosts. If aquatic larval stages of parasites can
swim faster and travel farther before mortality, then the likelihood of encountering and infecting
a host increases. Here, we found that miracidial speed nearly doubled with every increase in
10°C, which aligns with previous results that showed that the swimming rate of S. mansoni
miracidia almost doubled from 4 to 12°C, 12°C to 22°C, and 22 to 34°C (Samuelson et al. 1984).
Similarly, we found that cercarial speed more than doubled with every increase in 10°C. These
results could be used in mathematical models to more accurately reflect mechanisms underlying
disease transmission. For example, a study conducted by Civitello and Rohr (2014) found that
models separating exposure and infection rates of S. mansoni miracidia produced better
predictions of prevalence in intermediate snail host populations compared to models that
combined these processes. Incorporating exposure rate as a function of swimming speed and
longevity may therefore produce more ecologically relevant predictions of disease risk.
Previous studies have used methylcellulose or similar agents to decouple the effects of
temperature and viscosity. All noted that the locomotive ability of free-living organisms with low
Reynolds numbers decreased when viscosity was increased at high temperatures; this trend was
not seen for larger, high Reynolds number organisms that can more easily overcome viscous
forces (Luckinbill 1973, Linley 1986, Podolsky and Emlet 1993, Fuiman and Batty 1997,
Gemmell et al. 2013). Our results agree with these findings, as we found that the swimming
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performance of miracidia and cercariae was poor at 10°C when viscosity was high. Surprisingly,
miracidial speed did not significantly decrease in the 20°C with methylcellulose treatment
compared to the 20°C treatment while cercarial speed did, suggesting that the larger cercarial
stage may be more vulnerable to changes in viscosity at intermediate temperatures. This result
was unexpected because miracidia generate thrust through multiple cilia and should be more
strongly impacted by viscosity because of a higher surface area to volume ratio. Conversely,
cercariae can only generate thrust from a single forked tail and should be less impacted by
viscosity because of a lower surface area to volume ratio (Samuelson et al. 1984, Biewener
2003). However, both miracidial and cercarial speed significantly decreased in the 30°C with
methylcellulose treatment compared to the 30°C treatment, which demonstrates that free-living
larval stages are strongly affected by changes in viscosity at high temperatures.
Miracidia and cercariae have very different body morphologies and means of locomotion,
making direct comparisons difficult. Cercarial tail-beat frequency and miracidial power are not
directly comparable, but they do provide an indirect measure of the effect of temperature and
viscosity on locomotive ability. Viscosity did not significantly hinder cercarial tail-beat
frequency and miracidial power production across temperatures in this study. A recent study
conducted by Krishnamurthy et al. (2016) found that cercariae generate thrust by constricting
smooth muscles at the anterior and posterior ends of their tail. Importantly, the joints at these
ends are flexible and allow cercariae to bend their tails in a way that generates enough thrust to
overcome viscous drag. Similar adaptations are present among other low Reynolds number
swimmers and could explain why tail-beat frequency and miracidial power are driven more by
temperature, which influences metabolic rate and muscle contractions, than changes in viscosity
(Crawford 1992).
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For miracidial and cercarial speed, Reynolds numbers increased with temperature and Q10
values were greater than two for treatments without methylcellulose, supporting that the
swimming mechanics of these organisms is temperature-dependent. However, Reynolds numbers
for treatments with constant viscosity (i.e. 20°C with MC and 30°C with MC) were much smaller
than treatments where viscosity was not manipulated (i.e. 20°C and 30°C), indicating that a
decrease in viscosity associated with high temperatures allows miracidia and cercariae to move
more efficiently than the effect of temperature alone. Similarly, Q10 values were less than two
when methylcellulose was added, indicating that the influence of temperature on speed was
likely overestimated when the effect of viscosity was ignored. This trend has been observed in
other aquatic organisms (Podolsky and Emlet 1993, Fuiman and Batty 1997).
By independently manipulating temperature and viscosity, we were able to measure the
relative effects of temperature and viscosity on the swimming performance of low Reynolds
number swimmers. Coupling these findings with temperature-dependent survival data allowed us
to calculate the theoretical maximum distance miracidia and cercariae could travel, which
increased with temperature and decreased with viscosity (Fig. 4). Our estimates are likely
accurate for miracidia, as they are constant swimmers, but likely underestimate maximum
distance for cercariae, as they spend more time passively sinking than actively swimming
(Graefe et al. 1967, Nuttman 1974, Brachs and Haas 2008, Krishnamurthy et al. 2016). Cercariae
might therefore be able to travel farther than our estimate of 127m at 30°C. Taken together, these
results suggest that the energetic cost of enhanced swimming performance for both larval stages
is partially offset by low viscosity at high temperatures and the survival of these organisms may
not be as negatively impacted by high temperatures as previously assumed.
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We provide many lines of evidence showing that miracidia and cercariae display poor
swimming performance because of the additive effects of low temperature, which decreases
metabolic rate, and high viscosity, which decreases swimming efficiency. Conversely, low
viscosity at high temperatures reduces the energetic cost of movement for both larval stages and
allows them to travel farther than they can at low temperatures despite shorter lifespans. That is,
the tradeoff between faster speed and shorter lifespan at high temperatures seems to result in a
net benefit for miracidia and cercariae. As such, warming seasonal and diel temperature variation
associated with global climate change might increase the exposure rate to potential hosts and
thus increase disease transmission (Poulin 2006, Lafferty 2009, Mas-Coma et al. 2009). Biotic
factors, economic development, urbanization, human migration, mass drug administration, and
other factors also influence disease transmission and should not be discounted (Thieltges et al.
2008, Johnson et al. 2009, Blum and Hotez 2018), but the results presented here offer a novel
perspective on why parasitic diseases may increase in the context of global climate change.
This study is one of only a few to apply principles of fluid mechanics to the aquatic larval
stages of a human parasite to improve our understanding of how temperature and viscosity affect
parasite transmission. Overall, this work provides a fundamental mechanistic understanding of
parasite movement across temperatures and explains how increases in seasonal temperature
variation might increase disease transmission in host-parasite systems that have free-living larval
stages.
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CHAPTER 4: USING BIOENERGETICS THEORY TO PREDICT THE EFFECTS OF
TEMPERATURE ON A HOST-PARASITE SYSTEM

Abstract
Parasitic diseases of humans and wildlife are emerging and re-emerging at an unprecedented
rate, and global climate change will likely impact the prevalence and incidence of these diseases.
Interactions between parasites, hosts, and climatic factors (e.g. temperature) are complex,
however, and require an understanding of how changes in individual-level physiology drive
population-level disease dynamics. A modeling framework that can scale individual-level
observations to the population-level would then improve our ability to predict host-parasite
interactions under changing climate scenarios. We conducted a long-term mesocosm experiment
across a temperature gradient with Schistosoma mansoni, the causative agent of human
schistosomiasis, and Biomphalaria glabrata, its intermediate snail host, to quantify temperaturedependent population-level dynamics in a host-parasite system. We then used bioenergetics
theory, which tracks how individuals utilize energy for growth and reproduction, to generate
predictions of population-level dynamics given the same starting conditions as our mesocosm
experiment. We incorporated temperature-dependent rates of snail ingestion and mortality into
the model to see how closely predictions captured observed trends. We found that snail
populations exhibited different patterns of growth, reproduction, and parasite production across
the temperature range tested (18, 21, 25, 29, and 33°C) and that these trends varied over time.
Specifically, egg production was greatest at 18 and 21°C and showed two peaks over time. Snail
density was also greatest at 18 and 21°C, and showed logarithmic and exponential growth
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patterns, respectively. In contrast, parasite production peaked at 21 and 33°C and was low at all
other temperatures. The model captured some observed trends for egg production and snail
density early in the experiment, but did not capture temporal trends within temperature
treatments. Predictions of parasite production were poor. Overall, our study provides a baseline
by which future studies can compare the effects of other temperature-dependent life-history
traits. Future work should also incorporate daily temperature fluctuations into the model and
evaluate whether these predictions come closer to pattern observed experimentally.

Introduction
Emerging and re-emerging parasitic diseases of humans and wildlife pose a major threat to
biodiversity, ecosystem services, and human health (Daszak et al. 2000, Harvell et al. 2002,
Morens et al. 2004). In recent decades, the prevalence and incidence of these diseases has shifted
in global distribution as changes in temperature and other climatic factors impact the
metabolism, development, survival, and reproduction of parasites and hosts (Walther et al. 2002,
Parmesan and Yohe 2003, Mas-Coma et al. 2009). The interplay between parasites, hosts, and
climatic factors (e.g. temperature) remains difficult to disentangle, however, and predicting how
global climate change might impact these parasitic diseases requires an understanding of how
changes in individual-level physiology drive population-level disease dynamics.
Modeling the effects of global climate change on host-parasite disease dynamics can be
improved when researchers address the effects of intrinsic and extrinsic factors on hosts,
incorporate the nonlinear responses of parasites and hosts to temperature, and design
experiments that demonstrate causality between climatic factors and disease (Rohr et al. 2011).
Indeed, evidence supports that host-parasite dynamics are impacted by both intrinsic and
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extrinsic factors, such as host immunity (Koelle and Pascual 2004) and resource availability
(Hall et al. 2009), respectively. Many life-history traits of parasites and hosts, such as survival,
growth, reproduction, and infectivity, also respond nonlinearly to temperature (Poulin 2006,
Kingsolver and Woods 2016). When these nonlinearities are included in mathematical models,
predictions of disease spread more closely match field observations (Amarasekare and Savage
2012, Mordecai et al. 2013, Ryan et al. 2015). Additionally, datasets generated from long-term
manipulative experiments conducted across a temperature gradient can isolate the effect of
temperature and detect nonlinear relationships between temperature and responses of parasites
and hosts (Rohr et al. 2011).
Bioenergetics theory provides a framework to connect the intrinsic and extrinsic
processes that might drive host-parasite disease dynamics at the individual level. In particular,
dynamic energy budget (DEB) models developed by Kooijman (2010) are based on
bioenergetics theory and are parameterized with data from life-history traits of hosts under
different resource conditions over time, thereby linking how individual organisms acquire and
allocate energy to survival, growth, and reproduction (Nisbet et al. 2000, Kooijman et al. 2008,
Sousa et al. 2008, Jager et al. 2013). Said another way, DEB models mechanistically explain how
extrinsic resource availability influences energy allocation within individuals. Recently, DEB
models have been expanded to include parasites that can steal resources from hosts. Energy that
would have been allocated towards host growth or reproduction is instead rerouted to parasite
growth and reproduction (Minchella 1985, Hall et al. 2007a). This approach has been applied to
some host-parasite systems and in one study, the resulting DEB model successfully predicted
host growth, survival, reproduction, and parasite production in a parasite-zooplankton system
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under different resource conditions. These outcomes qualitatively matched the results from a
separate life-table experiment (Hall et al. 2009).
DEB models are emerging as a useful tool for predicting disease dynamics because the
nonlinear responses of hosts to temperature can also be easily incorporated. For example,
ingestion rate determines the amount of available resources within a host and is therefore a key
parameter in DEB models. It is also a temperature-dependent trait for ectothermic hosts and
evidence supports that resource availability within hosts strongly influences host growth,
survival, reproduction, and parasite production (Krist et al. 2003, Hall et al. 2007b, Lafferty
2009, Cressler et al. 2014, Civitello et al. 2018). Additionally, snail mortality due to infection is a
temperature-dependent trait (El-Hassan 1974) that influences disease dynamics. As snail
mortality rate increases, low to intermediate populations have more resources per individual,
which may lead to increased reproduction, variability in population growth, or short windows of
high parasite production from few individuals (Malishev and Civitello 2019). Given the link
between ingestion rates of hosts, resource availability within hosts, and temperature-dependent
mortality rates of hosts, incorporating these parameters into a DEB model might indirectly
capture how strongly temperature influences host-parasite disease dynamics.
Despite the likelihood that DEB models can predict individual-level outcomes of growth,
survival, and reproduction across temperature, whether resulting predictions could capture
experimental population-level trends has not been assessed. Combining a DEB model with an
individual-based model (IBM) would be one step towards addressing this goal, as DEB-IBMs
offer predictions that scale-up to population-level disease dynamics. DEB-IBMs utilize the
underlying life-history traits of individuals to predict how population-level dynamics emerge as a
result of interactions between individuals (Martin et al. 2012). Though recently developed, DEB-
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IBMs have partially captured observed population dynamics across a resource gradient and
predicted the effects of toxicants on population dynamics of Daphnia magna (Martin et al.
2013a, Martin et al. 2013b). The same approach could be applied towards predicting hostparasite dynamics across a temperature gradient.
We set out to test the effects of temperature on population-level dynamics of the human
parasite Schistosoma mansoni and its intermediate snail host, Biomphalaria glabrata. S. mansoni
causes human schistosomiasis, which affects more than 200 million people globally (Bruun and
Aagaard-Hansen 2008, King and Dangerfield-Cha 2008). Because S. mansoni and B. glabrata
are ectotherms and many parts of the life cycle are sensitive to changes in temperature (Lawson
and Wilson 1980, Anderson et al. 1982, Kalinda et al. 2017), schistosomiasis is expected to be
impacted by global climate change (Blum and Hotez 2018). However, current studies have only
evaluated the short-term effects of temperature (Dewitt 1955, Upatham 1973, Cohen et al. 1980)
or population-level dynamics independent of temperature (Anderson and Crombie 1984). A
long-term mesocosm experiment conducted across a temperature gradient would address this gap
in the literature and reveal temperature-dependent population-level dynamics. Additionally, if
predictions from a DEB-IBM model for schistosomiasis match these observed dynamics, it
would provide proof of concept that this modeling framework can advance our current
understanding of how the distribution of schistosomiasis may shift in response to changes in
temperature over time.
Our objectives were as follows: a) conduct a long-term, population-level mesocosm
experiment across a temperature gradient to track changes in B. glabrata growth (i.e. diameter),
survival, reproduction, and parasite production, b) incorporate temperature-dependent snail
ingestion and mortality rates from existing data into a DEB-IBM model for schistosomiasis
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developed by Malishev and Civitello (2019), and c) compare the population-level dynamics
observed in the mesocosm experiment to predictions from the DEB-IBM model. We predicted
that temperature would have nonlinear effects on the growth, survival, reproduction, and parasite
production of B. glabrata over time, and that incorporating temperature-dependent ingestion and
mortality rates would capture both the temperature-dependent and temporal trends seen in the
mesocosm.

Methods
Description of experimental units
To examine the effects of temperature on host-parasite dynamics of S. mansoni and B. glabrata,
we conducted a laboratory experiment. We used 17-L mesocosm tanks (28.7 cm x 26.7 cm x
30.3 cm, Rubbermaid, Huntersville, NC) maintained at 18, 21, 25, 29, 33, or 37°C. We kept
tanks for the 18 and 21°C treatments in an environmental chamber maintained at 17°C and the
remaining tanks in the laboratory maintained at 22°C. We had four mesocosm tanks per
temperature treatment for a total of 24 tanks.
Each mesocosm tank was filled with 15-L of HHCOMBO, a synthetic freshwater adapted
from Baer et al. (1999). To create our stock solutions, we dissolved the following chemicals in 1L of deionized (DI) water: 110.28 g of CaCl2 •2H2O (calcium chloride), 110.51 g of
MgSO4•7H2O (magnesium sulphate heptahydrate), 63 g of NaHCO3 (sodium bicarbonate), 28.42
g of Na2SiO3•9H2O (metasilicate nonahydrate), 24 g of HBO3 (boric acid), and 11.33 g of KCl
(potassium chloride). To create HHCOMBO, we added 1mL/L DI water of each stock solution in
the order listed except for sodium bicarbonate, which we added 2mL/L DI water.
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For each temperature treatment, we used 100-L bins (75.6 cm x 47.6 cm x 34.3 cm,
Sterilite, Townsend, MA) filled with DI water as water baths. Each 100-L bin contained two
mesocosm tanks, an aquarium heater, temperature controller, and water pump. The aquarium
heater was attached to the front side of the 100-L bin and connected to a temperature controller
(Inkbird Tech. Co., Ltd, Guangdong, China) that maintained ±0.5°C of the temperature
treatment. We placed a 75 GPH submersible water pump (EcoPlus, Vancouver, WA) near the
aquarium heater to circulate warmed water throughout the bin. To maintain equal light exposure,
we used 14-Watt 1500-Lumen LED light bulbs (Philips, Amsterdam, Netherlands) as an artificial
light source (12:12 hr photoperiod). We monitored temperature and light levels throughout the
experiment with HOBO Temperature and Light Loggers (Onset Computer Corporation, Bourne,
MA) at the bottom of each bin between mesocosm tanks (Fig. S1).
We also created 12 algae samplers for each 100-L bin using 1-L plastic containers,
Styrofoam blocks, and microscope slides. We glued Styrofoam blocks to the bottom of each
container and drew 2.54cm2 squares on the center of each microscope slide. We vertically placed
four microscope slides into slits we cut in the Styrofoam.

Experimental set-up
To simulate a natural freshwater environment, we collected zooplankton and algae from
Spectrum Pond (28.056626, -82.420424) at the University of South Florida using a plankton
collector with a mesh net attached. Upon returning to the lab, we immediately removed
invertebrate predators, grass, and plant matter to minimize potential effects of predators and
detritus on the incoming snail population. All mesocosm tanks were then dosed with 1-L of
homogenized pond water and 15mL of a high nutrient solution (7.64 g of Na2HPO4 and 151.8 g
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NaNO3 per 1 L of DI water) to encourage algal growth. Mesocosm tanks were warmed to the
appropriate temperature for 10 days and algae were allowed to grow naturally.
Unexposed, captive-bred B. glabrata (NMRI strain) were obtained from the NIAID
Schistosomiasis Resource Center (Rockville, MD, USA). Two days prior to the start of the
experiment, we randomly chose five snails per tank and measured the diameter of individual
snails. The average snail diameter was 6.93 mm (±0.23 SE) and there was no significant
difference in average size of individuals across temperature treatments (F5,114 = 0.17, df = 5, p =
0.97). To begin the experiment, we added five snails to each tank. Because additional food
resources were not added to the mesocosm tanks, we also wanted to monitor algal growth
independent of snail herbivory throughout the experiment. Thus, we added 500mL of the
homogenized pond water to each algae sampler as described above and added HHCOMBO until
the slides were submerged. Algae samplers were placed into the 100-L bins between mesocosm
tanks.

Sampling protocol
Each day, mesocosm tanks and algae samplers were replenished with HHCOMBO up to the 16L and 1-L line, respectively. DI water was added to the outside bins to match the water level of
the inner tanks and the temperature within each tank was recorded. A temperature probe
connected to the temperature controller was switched daily between the mesocosm tanks to
ensure constant temperature between tanks within a bin. Light bulbs were switched daily to the
opposite side of the bin to maintain equal light exposure. Snail mortality was recorded daily, and
deceased individuals were removed and preserved in 70% ethanol.
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Each week, we counted the total number of visible egg masses and individual snails in
each tank. We also measured the size of individual snails. We considered snails >2mm as being
successfully recruited into the population. If the population had less than 24 snails, all
individuals were collected and measured. If the population had more than 24 snails >2mm, a
subsample was collected by sweeping an aquarium net on one random side of the tank.
Subsamples were approximately 20% of the total population of the tank. To measure snail
growth, individuals were placed onto a laminated 6x4 grid. Individual snails were laid flat in the
center of each square and a photo was taken. A level was placed on the camera and the laminated
sheet to limit distortion of the image for analysis. Photos were uploaded into ImageJ (Schneider
et al. 2012) and the diameter of each individual snail was measured.
We quantified algal growth at weeks 3, 5, 8 and 11 of the experiment using a handheld
fluorometer (Aquapen AP-100, Photon Systems Instruments, Drásov, Czech Republic). One
microscope slide was removed from each algal sampler and we used a toothbrush to detach any
periphyton from the 2.54cm2 area into a plastic container. The toothbrush was rinsed with
HHCOMBO and samples were diluted in 20mL of HHCOMBO. We then took a 1mL subsample
and quantified the fluorescence intensity three times compared to a control containing
HHCOMBO, and took the average value.

Parasite production and enumeration
To simulate periodic exposure of B. glabrata to S. mansoni, we added 5mL of parasite eggs
suspended in 1.2% saline collected from infected Swiss Webster mice on weeks 1, 3, 6, and 9 of
the experiment (IACUC Protocol T-IS00002205). We quantified egg viability per dose, i.e. the
estimated number of hatched eggs per dose, by calculating the mean number of hatched and
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unhatched eggs in 100µL aliquots from five 5mL samples after 30 minutes (Table S1). Six
weeks after the first exposure, we tested snails >3mm for infection on a weekly basis. To
measure parasite production per snail, we filled six 30mL beakers with 10-15mL of HHCOMBO
and placed them in a small plastic container. Snails were placed individually into a beaker in the
same order as they were on the 6x4 grid described previously. Containers were floated in the
appropriate tanks for 90 minutes so they were maintained at their treatment temperature. Snails
were returned to their original tank and we added 4-5 drops of Lugol’s solution to each beaker to
euthanize and stain any parasites that were released from the snail into the beaker.
We counted the number of stained parasites under a dissection microscope (Leica S6E,
Leica Microsystems, Wetzlar, Germany). If there were fewer than 300 parasites, all individuals
were counted manually. If there were more than 300, we summed the number of individuals in
six random squares in a 6.0 x 6.0mm square on a grid placed under the beaker and extrapolated
to the total area of the beaker to arrive at a total count. When we compared our extrapolation
method to counting all individuals from a random subset of samples, counts were all ± 10%.

Snail processing
At the end of the experiment, all remaining snails were collected and preserved in 70% ethanol.
For each snail, we recorded the temperature treatment, tank, diameter, and infection status.
Calipers were used to measure the diameter of snails >2mm. Snail bodies were assessed for
infection and their status was recorded as infected, not infected, or unknown. Infection and noninfection were distinguished by the presence or absence of S. mansoni sporocysts present in the
tissue. An unknown designation indicated that the snail tissue was too degraded to assess
infection status.
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Statistical Analyses
All analyses were conducted in R 3.4.0 (Team 2017). To analyze snail mortality (i.e. the number
of dead snails) across temperature treatments over time, we used a generalized linear mixed
model (GLMM) (glmmadmb function, glmmADMB package) assuming a negative binomial
distribution with temperature as a categorical independent variable, week as a continuous
independent variable, the previous week’s snail population as an offset, and tank as a random
effect. Coefficients were extracted to determine the probability of mortality across temperature
treatments. To determine the overall effect of temperature on mortality, we compared the log
likelihood of the model and a model without temperature as a variable. We also analyzed the
infection status of snails >4mm as a function of temperature and diameter, with tank as a random
factor.
We used generalized additive mixed models (GAMMs) (gamm function, mgcv package)
to analyze B. glabrata egg production, population density, parasite production, and total biomass
(calculated from snail diameter) at the tank level. We assumed a log-normal distribution for all
models, with temperature as a categorical independent variable, week as a continuous
independent variable, and week nested within tank as random effects to account for the fact that
tanks were repeatedly sampled for 16 weeks. Coefficients were extracted to determine the effect
of temperature on B. glabrata egg production, population density, and parasite production. The
approximate significance of week on the measured life-history traits was also extracted from
each model. The models were then qualitatively compared to DEB-IBM predictions of B.
glabrata egg production, population density, and parasite production.
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Simulating population-level dynamics using DEB-IBM
To test if incorporating temperature-dependent rates of snail ingestion and snail mortality could
capture the population-level disease dynamics seen in the mesocosm experiment (Table S2), we
adapted a DEB-IBM model for schistosomiasis developed by Malishev and Civitello (2019). The
model couples a DEB model for B. glabrata (Civitello et al. 2018) with an IBM model.
Maximum ingestion rates of infected B. glabrata at 18, 21, 25, 29, and 33°C were provided from
a separate experiment conducted by Civitello et al. (unpublished) (Table S2). Snail mortality
rates were the sum of natural mortality rates of Biomphalaria alexandrina (El-Hassan 1974) and
mortality rates of infected Biomphalaria pfeifferi (Foster 1964) extrapolated at 18, 21, 25, 29,
and 33°C (Nguyen et al., in prep).
We ran a total of four simulations per temperature treatment to mimic the fact that we had
four tanks per treatment in the mesocosm. A suite of constant parameters was used to define the
starting conditions of the simulations that matched those of the mesocosm experiment (Table 1),
e.g. 16-L mesocosm tanks, a starting population of five B. glabrata approximately 7mm in
diameter, a growing population of algae, and doses of miracidia on weeks 1, 3, 6, and 9 of the
experiment. Each time-step (i.e. day), the DEB-IBM model determined whether live individual
snails survived, grew, reproduced, became infected, or produced cercariae. If individuals died,
they were removed from the population. We then calculated the average predicted egg
production, snail population density, and parasite production per temperature treatment.
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Results
In general, snail populations exhibited different patterns of growth throughout the experiment.
For example, all snails at 37°C died before the first sampling event. Therefore, we excluded this
treatment from subsequent analyses.
Temperature had a significant negative effect on snail mortality (df = 4, deviance =
26.21, p = 2.87 x 10-5). Specifically, mortality at 21°C (z = -1.96, p = 0.05), 25°C (z = 4.56, p =
5.00 x 10-6), 29°C (z = 5.72, p = 1.10 x 10-8), and 33°C (z = 3.93, p = 8.50 x 10-5) was
significantly greater than mortality at 18°C (z = -13.65, p = 2.00 x 10-16). Across the temperature
gradient, the likelihood of mortality was small at 18 and 21°C, with an increase in mortality of
15.8% to 37.1% by week 16 relative to week 0, respectively. At 25 and 29°C, snails were 109 to
244% more likely to perish by the end of the experiment compared to snails at 18°C. The
probability of mortality then decreased to 113% at 33°C (Fig. 1).
Egg production of B. glabrata decreased significantly with increasing temperature, but
was not significantly different over time at 29 and 33°C (Tables 2 and 3, Fig. 2A). GAMM
outputs captured most of the variation seen in the experiment (adjusted R2 = 0.792, Fig. 2A). Egg
production was highest at 18°C, with two peaks during weeks 3 and 8 of the experiment (Fig.
2A). Tanks at 21°C also displayed a bimodal response over time, but had less total egg
production than tanks at 18°C (Fig. 2A). Egg production occurred early in the experiment for
tanks at 25°C but decreased to zero after week 3 (Fig. 2A). Snail reproduction at 29 and 33°C
occurred at low levels (Fig. 2A).
The population densities of B. glabrata were significantly different among tanks at 18,
21, and 33°C. Within temperature treatments, population densities changed significantly over
time at 18, 21, and 25°C (Tables 2 and 3, Fig. 2B). Again, GAMM outputs captured most of the
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variation seen in the experiment (adjusted R2 = 0.685). Snail population density at 18°C
increased gradually, but was eventually outpaced by population growth at 21°C (Fig. 2B). Snail
density at 25°C peaked at weeks 6 and 9, declined during weeks 10 and 14, and began to show
signs of recovery by week 16 of the experiment, but was less than snail density at 18 and 21°C
overall (Fig. 2B). GAMM outputs showed that snail density at 29°C would be relatively low for
the duration of the experiment, but we observed two peaks at weeks 10 and 13 of the experiment
(Fig. 2B) that were not explained well by the model. Snail density at 33°C remained small and
constant throughout the experiment (Fig. 2B).
Parasite production was significantly different among tanks at 21, 25, and 33°C and over
time at 21 and 33°C (Tables 2 and 3, Fig. 2C). No parasites were observed at 18°C. The GAMM
only accounted for 24.3% of the variation in parasite production (Fig. 2C), compared to >68% of
the variation for egg production and snail density. Interestingly, parasite production peaked at 21
and 33°C and only occurred sporadically at 25 and 29°C. In addition to the bimodality seen in
parasite production across temperature, there was also a time delay within temperature
treatments. At 33°C, it occurred as early as week 6 and continued through week 11 while at
21°C, it began at week 11 and decreased through week 15 (Fig. 2C).
Total snail biomass was calculated from an existing allometric relationship based on the
diameter of individual snails (Slootweg 1987, Civitello et al. 2018). The GAMM produced a
relatively good fit for this quantity (adjusted R2 = 0.415) and showed that tanks at 18 and 21°C
had the highest total biomass whereas in the other treatments, total biomass decreased over time
(Fig. S2). However, this echoed what was found by measuring egg production and population
density. Snail populations increased at 18 and 21°C because individuals reproduced throughout
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the experiment. Conversely, reproduction was low at 25, 29, and 33°C and snail density
decreased over time, thereby producing less total biomass.
We used the DEB-IBM to predict population-level egg production, population density,
and parasite production of B. glabrata across the same temperature gradient as the mesocosm
experiment. For egg production, the DEB-IBM did not predict the bimodal trends observed over
time at 18 and 21°C (Fig. 2A). The model also underestimated reproduction at 18°C and
overestimated reproduction at 21°C (Fig. 3A). Additionally, egg production was observed at
25°C early in the experiment (Fig. 2A), but the model predicted this trend at 25, 29, and 33°C
(Fig. 3A). However, predicted egg production was on the same scale as observed egg production,
and the DEB-IBM captured the first peak in egg production seen at 18 and 21°C.
For snail density, DEB-IBM predictions at 18 and 33°C showed similar trends to those
observed in the mesocosm, but were overestimates compared to observed values (Fig. 2B and
3B). Predicted snail density at 21°C was approximately three times greater than what was seen in
the mesocosm and declined over time, which was not observed in the mesocosm (Fig. 3B). The
model also failed to capture the two peaks of snail density observed at 25°C and predicted a
recovery in the population at 29°C that did not occur (Fig. 2B).
Lastly, the DEB-IBM predicted parasite production at 18°C when none was observed
(Fig. 3C). Interestingly, predicted parasite production at 21°C was fairly close to the mesocosm
data, except that it occurred approximate four weeks sooner than observed. At 25 and 29°C,
parasite production occurred sporadically during the experiment (Fig. 2C), but was only
predicted at very low levels towards the end of the experiment (Fig. 3C). The largest discrepancy
between observed and predicted values for parasite production happened at 33°C. While we
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observed parasite production during weeks 6 through 11 of the experiment (Fig. 2C), none was
expected (Fig. 3C).
Algal growth was not consistent between tanks within a temperature treatment, and we
saw no indication that algal growth was temperature-dependent. Temperature did not have an
effect on infection status (25,158 = 5.561, p = 0.653), so we did not analyze these data further.

Figure 12. Mortality probabilities (mean ± SE) for B. glabrata were calculated from weekly
mortality counts. All temperature treatments were significantly different (p < 0.001).
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Figure 13. Generalized additive mixed models (GAMMs) for B. glabrata a) egg production,
b) snail density, and c) parasite production. Observations for tanks at 18, 21, 25, 29, and 33°C
are shown as blue, green, yellow, orange, and red points, respectively.
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Figure 14. DEB-IBM predictions for B. glabrata a) egg production, b) snail density, and c)
parasite production. Lines represent the average of four simulations with 18, 21, 25, 29, and
33°C shown as blue, green, yellow, orange, and red lines, respectively.
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Table 7. Constant parameters used in the dynamic energy budget individual-based model
(DEB-IBM).
Parameter

Value

Feeding rate

0.25

Units

Source
(Malishev and Civitello
2019)

Volume of the environment

16

L

NAa

Maximum growth rate of algae

0.5

d-1

(Malishev and Civitello
2019)

Time-step of simulation

1

d

NAa

Exposure rate

20

L host-1 d-1

(Civitello and Rohr 2014)

Probability of getting infected

0.5

Death rate of miracidia

1

(Civitello and Rohr 2014)
d-1

(Malishev and Civitello
2019)

Death rate of cercariae

1

d-1

(Malishev and Civitello
2019)

Rate at which live viable miracidia are

10

L-1 d-1

NAa

20

mg C per

(Malishev and Civitello

m2 d-1

2019)

mg C per

(Malishev and Civitello

L d-1

2019)

added
Carrying capacity of algae

Detritus
a

0

These parameters were set to match the experimental conditions from the mesocosm.
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Table 8. The coefficients for egg production, population density, and parasite production of
B. glabrata. Models are shown below the response variable. Significant p-values are bolded.
Generalized additive mixed
models

Temperature
(°C)

Estimate

Standard
error

p-value

18

2.51

0.1455

< 2.00 x 10-16

21

-1.19

0.2058

2.14 x 10-8

25

-2.27

0.2064

< 2.00 x 10-16

29

-2.41

0.2385

< 2.00 x 10-16

33

-2.38

0.2119

< 2.00 x 10-16

18

2.46

0.1354

< 2.00 x 10-16

21

0.85

0.1906

1.24 x 10-5

25

0.08

0.1931

0.68

29

-0.35

0.2276

0.12

33

-0.82

0.1997

4.97 x 10-5

18

4.69 x
10-16

1.95 x
10-1

1.00

21

6.79 x
10-1

2.75 x
10-1

0.01

25

5.47 x
10-1

2.78 x
10-1

0.05

29

3.88 x
10-1

3.39 x
10-1

0.25

33

1.10

2.92 x
10-1

2.00 x 10-4

Egg production
Log10(Egg masses+1) ~
Temperature + s(Week, by=Temp)

Population density
Log10(Population density+1) ~
Temperature + s(Week, by=Temp)

Parasite production
Ln(Parasite density+1) ~
Temperature + s(Week, by=Temp)
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Table 9. The approximate significance of week within temperature treatments for egg
production, population density, and parasite production of B. glabrata. Models are shown
below the response variable. Significant p-values are bolded.
Generalized additive mixed models

Temperature (°C)

F

p-value

18

6.81

8.65 x 10-8

21

9.15

3.02 x 10-10

25

8.99

5.37 x 10-8

29

1.66

0.20

33

1.80

0.18

18

20.37

7.71 x 10-14

21

25.33

6.53 x 10-9

25

5.28

9.77 x 10-6

29

0.27

0.60

33

2.00

0.16

18

NA*

NA*

21

5.99

4.43 x 10-5

25

1.12

0.29

29

0.81

0.37

33

7.75

6.75 x 10-7

Egg production
Log10(Egg masses+1) ~ Temperature + s(Week,
by=Temp)

Population density
Log10(Population density+1) ~ Temperature +
s(Week, by=Temp)

Parasite production
Ln(Parasite density+1) ~ Temperature + s(Week,
by=Temp)

*There was no parasite production at 18°C.
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Discussion
The mesocosm experiment supported our hypothesis that temperature has significant,
nonlinear effects on the survival, reproduction, population density, and parasite production of B.
glabrata, and that these effects vary over time. Additionally, incorporating temperaturedependent ingestion and mortality rates into an existing DEB-IBM model for schistosomiasis
(Malishev and Civitello 2019) yielded predictions that captured some of the trends seen
observationally. Deviations in model predictions from the mesocosm data can also help generate
hypotheses about what temperature-dependent life-history traits should be tested in the future.
First, temperature had a significant effect on snail mortality but the effect was different
across temperature treatments. Mortality probability increased with increasing temperature up to
29°C and decreased at 33°C, but was 100% at 37°C (Fig. 1). Our results are consistent with the
findings of Foster (1964), which found that the mortality rates of populations of 25-30
Biomphalaria pfeifferi infected with S. mansoni increased linearly with increasing temperature
from 23 to 28°C. However, we may have observed a nonlinear response overall because we
tested temperatures above and below the temperature range tested previously. This further
illustrates the importance of conducting climate change-disease experiments across a wide
temperature range to fully characterize an organism’s response to temperature or a related
climatic factor (Dell et al. 2011).
Because infection prevalence was low across all temperature treatments except 25 and
33°C, the mesocosm trends seen for egg production likely reflect temperature-dependent egg
laying rates of uninfected B. glabrata. At 18 and 21°C where mortality probability was low,
snails were able to reproduce throughout the experiment. As mortality rates increased at 25°C,
snails only produced eggs in the first few weeks of the experiment, echoing the same trend seen
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in infected B. glabrata kept at 24°C in another study (Gerard and Theron 1997). Low levels of
reproduction occurred at 29 and 33°C, which was not unexpected because the upper limit of
reproduction has been documented at 35°C (Sturrock and Sturrock 1972). As snails approach
this thermal maximum, they are likely to reproduce less.
Snail densities grew and plateaued at 18°C, increased most quickly at 21°C, showed the
most variability at 25°C, and maintained low populations levels at 29 and 33°C (Fig. 2B). These
trends were generally captured by the GAMMs. Population growth at 21°C likely outpaced
population growth at 18°C because snails hatch slower and reach maturity slower at colder
temperatures (El-Hassan 1974). The bimodal peaks seen over time in snail density at 25°C could
be due to the underlying consumer-resource dynamics between snails and algae that were not
captured by the GAMMs. Population densities at 29 and 33°C remained small, which may be
explained by a mismatch between metabolic and consumption rates at high temperatures. In
essence, individuals cannot consume resources quickly enough to offset the metabolic costs of
maintenance at high temperatures (Lemoine and Burkepile 2012).
Parasite production was observed across all temperature treatments except for 18°C, even
though necropsies of snail bodies showed that individuals were infected at that temperature (Fig.
S3). This could be because the lower limit of parasite production in B. glabrata is approximately
17°C (Camargo et al. 2017). Alternatively, because snail pre-patency period (i.e. time to parasite
production) is longer at cooler temperatures (Pfluger 1980), parasites may not have had enough
time to develop within infected snails at 18°C. The temperature-dependency of pre-patency
periods also likely explains why parasite production occurred sooner at 33°C compared to the
other temperature treatments.
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The DEB-IBM highlighted that incorporating temperature-dependent snail ingestion rate
and mortality rate influences B. glabrata reproduction, population growth, and parasite
production at the population level (Fig. 3). Predictions and observations of egg production were
on the same scale, but the DEB-IBM generally overestimated snail density and parasite
production. Moreover, the dynamics seen over time across all responses were not well captured.
One parameter that may improve predictions is temperature-dependent algal growth rates.
Although we did not see evidence for temperature-dependent algal growth, other studies have
shown the contrary (Raven and Geider 1988, Butterwick et al. 2004). Additionally, the DEBIBM contains other parameters, such as the mortality rates of larval stages, which could be made
temperature-dependent.
This mesocosm experiment was conducted across constant mean temperatures and the
dataset produced here provides a baseline by which future studies can compare the effects of
other temperature-dependent life-history traits, such as parasite infectivity of snails (Mangal et
al. 2008) or snail recruitment (El-Hassan 1974). By measuring how key life-history traits
responded to changes in temperature, and comparing those results to predictions generated from
a model incorporating temperature-dependent host ingestion rate and mortality rate, we add to
the growing body of evidence that resource availability within hosts strongly influences
interactions between parasites and hosts (Cressler et al. 2014, Civitello et al. 2018). Future work
should be directed towards identifying other key life-history traits and incorporating daily
temperature fluctuations, because increased climate variability likely has equal, if not greater,
effects on host-parasite disease dynamics (Raffel et al. 2013, Rohr et al. 2013, Vasseur et al.
2014). Addressing these additional factors will undoubtedly improve predictions and clarify the
complexity of host-parasite dynamics under changing climate conditions.
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Supplemental Figures and Tables

Figure S6. Set-up of experimental units. Two mesocosm tanks were placed in 100-L bins filled
with DI water. An aquarium heater and water pump were kept outside the mesocosm tanks. The
temperature probe and light source were switched daily to maintain equal temperature and light
exposure.
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Figure S7. Generalized additive mixed model (GAMM) for total snail biomass produced
per tank across temperature treatments. Observations for tanks at 18, 21, 25, 29, and 33°C
are shown as blue, green, yellow, orange, and red points, respectively.
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Figure S8. The proportion of infected snails at 18 (n = 27), 21 (n = 47), 25 (n = 33), 29 (n = 14),
and 33°C (n = 24) from the entire experiment.
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Table S1. Egg viability per dose was extrapolated from the mean number of hatched and
unhatched eggs in 100µL aliquots from 5mL samples after 30 minutes.
Week Hatched Unhatched
1
2a
15a
3
7b
28b
b
6
5
19b
b
9
9
32b
a
Calculated from two 5mL samples.
b

Proportion
Hatched
0.13
0.20
0.21
0.22

Total Eggs (per
dose)
865
5219
1706
2045

Viable Eggs (per
dose)
110
1044
356
445

Calculated from five 5mL samples.

Table S2. Feeding and mortality rates for infected Biomphalaria spp. Mortality rates were
derived by summing natural mortality rates and mortality rates due to infection with S. mansoni.
Temperature (°C) Feeding rate (g C per m2) Mortality (d-1)a
18
0.01881
0.00256
21
0.03096
0.00293
25
0.05382
0.01920
29
0.07213
0.04355
33
0.05533
0.06952
a
We summed natural mortality rates of Biomphalaria alexandrina (El-Hassan 1974) and
mortality rates of infected Biomphalaria pfeifferi (Foster 1964).

110

AFTERWORD

Summary
The research completed in this dissertation synthesizes existing knowledge on the temperaturedependence of life-history traits of S. mansoni and B. glabrata, fills in knowledge gaps of lifehistory traits missing from the literature, and applies these data to novel modeling frameworks.
The finding that hatching success and cercarial emergence have different thermal optima and
including these traits influences human risk of infection demonstrates the importance of
analyzing all components of a host-parasite life cycle. Additionally, human risk of infection
decreases by orders of magnitude when multiple intervention methods are employed.
Quantifying the mechanics of movement of miracidia and cercariae also revealed that modest
increases in temperature variation associated with climate change might further increase
transmission. Lastly, long-term experiments can demonstrate how key climatic factors influence
population-level dynamics over time in controlled environments. These results can then serve as
null models for comparing population-level predictions under global climate change scenarios.

Future Directions
The original proposal of this dissertation was to fully parameterize a DEB-IBM model for
schistosomiasis, but this objective was not met due to the complexity of the modeling
framework. As such, data from all chapters will be given to a modelling expert to further develop
a temperature-dependent DEB-IBM model beyond the one presented here. The resulting DEBIBM could be combined with climate projections for areas endemic with schistosomiasis,
111

mimicking the approach used in a previous study (Ryan et al. 2015). Predictions would help
identify which temperature regimes increase human risk of infection and could help direct public
health departments of when to implement mass drug administration programs. Molluscicide
application could also be maximized if predictions identify temperature regimes or resource
conditions that minimize parasite production. Overall, improving models of schistosomiasis
transmission brings researchers one step closer to the ultimate goal of assessing the efficacy of
intervention methods in natural environments (Bailey 1986, Woolhouse 1992).
Additional work could be conducted to determine if regional strains of S. mansoni differ
in their susceptibility to changes in temperature as suggested by earlier literature (Upatham
1973). Moreover, similar experiments to those completed here should be conducted for
Schistosoma haematobium and Bulinus spp., which are known to co-occur with S. mansoni and
Biomphalaria spp. but are comparatively understudied (Stensgaard et al. 2019). Given that
global climate change is only expected to increase, developing more species-specific datasets
will only improve our ability to combat this parasitic disease.
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